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The structure and hyperfine magnetic properties of epitaxial Fe ultrathin films on a vicifidlOPdurface
have been investigated by means of low-energy electron diffra¢tiB&D), reflection high-energy electron
diffraction (RHEED) and °Fe conversion electron Méssbauer spectrosc@@gMS). LEED and RHEED
provide evidence for initial pseudomorphic film growth. The RHEED determination of the in-plane atomic
distance versus Fe film thickness demonstrates the stabilization of the metastable fcc-like Fe structure on
Pd(110). This interpretation is supported by situ °’Fe CEMS measurements which indicate an enhanced
saturation hyperfine field 039 T for a 3-monolayers-thick Fe film at 25 K. This is the highest value ever
measured for Fe on a metallic substrate. Our results suggest that ultrathin ffadi&ecentered tetragondte
films on Pd110 are in a ferromagnetic high-moment state with an enhanced hyperfine field due to electronic
3d-4d hybridization at the Fe/Pd interface.

DOI: 10.1103/PhysRevB.71.064409 PACS nunt®er75.75+a, 68.65-k, 76.80+y

I. INTRODUCTION slightly larger values than that of bulk bcc-Fe when thicker
films were studied, but no paramagnetism was obsefed.
Numerous experimental and theoretical investigationsThis difference may be related to the structure of the Fe
have shown that the magnetic properties of ultrathin magtayers. Increased hyperfine fields were discovered bgtLi
netic layers supported on nonmagnetic substrates dramat.33 for interfacelike Fe in Fe/Pd multilayers using Moss-
cally change when the dimensions of the system are reducedshuer spectroscopy. A change in texture was noted in that
and the surface or interface symmetry is brokerJltrathin study, where the Pd layers were found to haveltt) tex-
epitaxially grown ferromagnetid=M) layers are particularly ture, and the Fe layers bdd0 texture, for Pd thicknesses
interesting, as unusual new properties including perpendicupy<36 A, but fcc-Fé111) texture for Pdtpg=36 A. More
lar magnetic anisotropy, enhanced magnetic moments, anécently, Chengt al?° extracted a 14% enhancement |
metastable phases have been obsetv¥dhe present work of the 2-ML-thick interfacial Fe region in magnetron-
reports enhanced hyperfine fields and discusses the structugguttered Fe/Pd multilayers by extrapolation of the tempera-
and magnetic properties in the context of prior related reture dependence 4B, to low T. They assumed that the
search. main contribution to the measured hyperfine field was due to
The magnetic behavior of the Fe/Pd system is of speciahe negative polarization of the core electrameglecting
interest due to its exotic exchange couplfit’® Raderet  conduction electron polarization and dipole eff¢ctad ob-
al.?*2>demonstrated that Pd becomes ferromagnetic when itained a Fe magnetic moment of 28 This value is in
proximity to Fe. This result is supported by several theoretagreement with theoretical studies on Fe&®d) superlat-
ical studied®2”and giant Pd moments have been measured ifices carried out by Stoefflet al2’
dilute Fe-Pd alloys®-3° Despite the large scientific effort ~ We have used molecular beam epitadBE) in ultrahigh
dedicated in the last twenty years to the understanding of thigacuum (UHV) for the controlled deposition of clean, epi-
system, many discrepancies regarding the magnitude of th@xial, ultrathin magnetic layers on a single crystal substrate.
Fe moment at the Pd interface and the origin of its reductionAmong epitaxial Fe/Pd, Fe on PO is the most studied
enhancement with respect to bulk bcc-Fe still remainsystem experimentaff~8and theoretically®*°This Pd ori-
Hosoito et al3! found by depth-profiling Mdssbauer spec- entation offers the smaller lattice mismatch3%) with re-
troscopy that 30% of the Fe atoms in a 3.5°%&e probe spect to bcc-Fe, making it a desirable substrate for the
layer at the Pd interface were paramagnetic at room temperg@seudomorphic growth of ultrathin, crystalline, flat Fe films.
ture (RT) and had a reduced magnitude of the hyperfine field_ess attention has been devoted to other substrate orienta-
(|Br) at 4.2 K. They concluded that a tendency exists for Pdions such as Rd11), where the larger lattice mismatch with
to quench magnetic order in Fe monolayers. Later onbcc-Fe(4.2%) favors a strong tetragonalization of the epitax-
Boufelfel et al3? also reported a lowdBy,| for interfacial Fe  ial Fe layers and leads to a more complicated growth
layers in [F&(110)/Pd111)], superlattices withn=1, and  morphology??*! In addition, Fe films deposited on differ-

1098-0121/2005/76)/0644099)/$23.00 064409-1 ©2005 The American Physical Society



B. ROLDAN CUENYA et al. PHYSICAL REVIEW B 71, 064409(2005

ently oriented Pd surfaces also exhibit distinct magnetiet al?® demonstrated that Fe films supported on vicinal-
properties. Fe films grown on PIDO) display ferromagnetic Pd100 exhibit different magnetic properties compared to
(FM) behavior at RT above a critical thickness of 1.3-1.7fiims deposited on flat surfaces. The Curie temperature of
monolayers(ML).*®* A minimum Fe thickness of 2-2.5 ML ultrathin step-supported Fe films<2 ML) is higher than
was reported for FM onset in the Fe(Rdi1) systenr? that on flat surfaces, and an additional induced magnetic mo-

orientated Pd surfaces and its correlation with their magnetigyca1 environment of Pd arises from distinct electronic hy-

behavior have been intensively debated in the literature. Ingigization at different Fe coordination sites.

vestigations carried out by Binres al** on Fe/Pdl1]) using This paper reports on the epitaxial growth of ultrathin Fe
low-energy electron diffractiofLEED), auger electron spec- films evaporated under UHV conditions on vicinal¢PtD)
troscopy(AES), and x-ray photoelectron spectrosoqpiPs) substrates. The presence of an Fe-Pd surface alloy at the

pointed out that the first 2 ML of Fe grow with a face- ;. : . ; :
centered cubicfcc-)like structure and display antiferromag- initial stage .Of gro_vvth_ will b_e dlscusseq. The choice of .th's.
substrate orientation is motivated by literature reports indi-

netic (AF) order. For Fe coverages5 ML, local moments : ; :
approaching bulk body-centered culflicc)Fe values were cating .that the induced FM moment carried by Pd at the
determined. Boegliret al® studied the growth and the in- F&/Pd interface extends up t65 ML into the (110 surface

terface of Fe films on RA0O) by surface extended x-ray Of Pd®? Combined RHEED, LEED anih situ *’Fe CEMS

absorption fine structuréSEXAFS and observed a struc- measurements are used to prove that the high moment fct-Fe
tural transition after 4 ML Fe from a face-centered tetragonaPhase is stable at RT. The hyperfiriéf) field (|By

(fct) FessPdys alloy to body-centered tetragon@ddct) Fe lay- =39.2 T) for a 3-ML Fe film at 25 K is the highest ever
ers. The large orbital moments measured for a 3-ML-thick Femeasured for an Fe film on a metallic substrate.

film were attributed to interface alloying and to the fct struc-
ture. On[Fe/Pd, multilayers, Miihlbaueret al#243 also
demonstrated by reflection high-energy electron diffraction
(RHEED) the presence of a distorted fcc-like Fe-phase for Fe The experiments were carried out in an UHV chamber
thicknesses<25 A. Magnetic susceptibility measurements with base pressure:6x 10" mbar equipped with LEED,
conducted on these films lead to the report of Fe magnetiRHEED, Auger andn situ °>’Fe CEMS. The pressure during
moments that are 20% larger than that in bulk bcc-Fe. Thidilm deposition <2< 10719 mbar. The P€L10 substraté?
group related the appearance of the large moments observidth a vicinal angle of 5°+£0.1°, was cleaned under UHV
to the presence of fcc-like Fe in a high-sgiS) configura-  conditions by cycles of Arsputtering(ion energy: 0.5 keY

tion rather than to polarization effects of Pd at the Fe/Pdat 430 °C and annealing at 677 °C. The cleaned substrate and
interfaces? Celinski et al#* also found metastable fct Fe at the subsequently deposited Fe films are free of any measur-
the Fe/Pd interface of ultrathin F©1)/Pd001)/Feg001) able contamination within Auger sensitivity.

sandwich structures. The formation of two fcc-Fe phases The °“Fe films (95.5% isotopic enrichmehivere depos-
with different lattice parameters ibeam evaporated Fe/Pd ited from Knudsen cells with alumina crucibles surrounded
multilayers was recently reported by Pahal,*®> and a cor- by water-cooled shrouds. The evaporation sources were out-
relation between microstructure and magnetism was inferregjassed and stabilized prior to sample deposition. The film
Other groups, however, reported the stabilization of interfathickness and deposition rai@ .25 A/min) were measured by

cial ultrathin Fe films with bct structure on Bd0),*6 on  a quartz-crystal microbalance that was calibrated previously
Fe/Pd multilayerd® and on Pd overlayers supported onby RHEED intensity oscillations during fcc-Fe deposition

Il. EXPERIMENTAL

Ag(001).%7 onto a clean C@@01) substrate. During deposition, the Pd
Previous investigations on Fe films deposited on vicinal-substrate temperature was held at 70 °C.
Pd100 single crystals have demonstrated three poifijs: The crystallographic order of the Pd crystal and Fe films

surface steps can induce an in-plane uniaxial magnetic anisavere confirmed with RHEED and LEED, recorded on the
tropy in the Fe overlayelji) the easy axis is perpendicular fluorescence screen by using a charge-coupled dé@ic®)
to the step edges, an(i) the strength of the anisotropy camera. The diffraction images were analyzed digitally to
scales linearly with the step densti/A similar dependence quantify (i) the changes in the in-plane atomic spacing with
was observed for fcc-Co supported on vicinalf@d).*®  increasing Fe thickness(via RHEED as described
Other systems including bce-Felvicinal-®§1) and bee-Fe/  previously* and(ii) the average terrace size of the substrate
vicinal-W(001) displayed a quadratic relationsHi$®® The  (via LEED) prior to evaporation.
quadratic and linear dependencies arise from symmetry prop- The >’Fe CEM spectra were obtainéu situ in UHV uti-
erties of the bcc and fcc lattices that are broken at the stelizing a channeltron electron detector placed in front of the
edges. This offers the interesting opportunity of manipulatingsample and surrounded near its entrance cone by a MgO-
the magnetic anisotropy of a stepped thin film. coated copper tube to convert part of the high-energy con-
The Felvicinal-Pd system has been chosen for the presewersion electrons from the sample into low-energy secondary
study for several reasons. First, the spin-orbit interaction oelectrons from MgO, and thus improving the efficiency of
Pd always produces a strong magnetic anisotropy in FM/Pthe channeltrof® After preparation of the’’Fe film the
systems, and, therefore, a strong step-induced, in-plane magample was transferred and fixed in the same UHV system to
netic anisotropy can be expected. Second, Pd can be polahe cold finger of a liquid-helium flow cryostat. CEM spectra
ized at the Fe/Pd interface and made to become®F@hoi  were measured in zero external field at 2%il¢., near mag-
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Pd(110)] ()  Fe(2.5ML)/Pd(110)

Pd(110)] (d)  Fe(2.5ML)/Pd(110)

Fe(0.76 ML)/Pd(110) Fe(3.0 ML)/Pd(110)

FIG. 2. RHEED patterns recorded at room temperature along
the[001] azimuthal substrate direction with 10 keV electron energy
and 30uA beam current{a) vicinal Pd110) surface immediately

atomically clean PA10 vicinal surface(a),(c), and of 2.5 ML Fe priar to evaporation; and after dgp05|t|on of 0.76 ML (@, 1.50
epitaxially grown on vicinal Pd.10) (b),(d). All images have been ML Fe (c), and 3.0 ML Fe(d). Al images haye been taken under
taken under the same angular geometry keeping the distances %}e same angular geometry keeping the distances of camera and
camera and sample to the LEED screen constant. The incident eletdMmple to the RHEED screen constant.

tron energies were 142 efd),(c) and 118 eV(b),(d).

FIG. 1. LEED patterngmeasured at room temperatuie the

After the deposition of 2.5 ML Fdsee Figs. (b) and
1(d)], blurred, round spots arranged in a rectangular sub-
stratelike cell become visible. The large background intensity
observed compared to that for clean(PkD) qualitatively
corresponds to small ordered domains superimposed on dis-

netic saturation of Peusing a®’Co Méssbauer sourcéRh

matrix) of ~40 mCi activity placed outside the UHV system.
The Mdssbauey radiation was transmitted through an UHV-
proof beryllium window in normal incidence to the sample

plane. A Méssbauer drive system operating in constant ac?

celeration mode combined with conventional electronics Wa]{e g_rowth anq the stabilization of a compressed fcc-{fs®
employed. e film, as will be demonstrated by means of RHEED. The

disappearance of the double reflections that were present in

Figs. 1@ and Xc) points to a full coverage of the substrate
[ll. RESULTS AND DISCUSSION surface, in accordance with an initial layer-by-layer growth
A LEED mode, as previously observed on this systém.

Figures 1a) and Xc) and display LEED images of the
clean vicinal PL10) substrate at 142 and 118 eV, respec- B. RHEED
tively. These LEED patterns were recorded a few degrees off RHEED measurements were carried out with the 10-keV,
from normal incidence. The bright central round spot clearly30-uA electron beam along tH®01] of the Pd110) surface.
observable in Figs.(&) and Xc) corresponds to the specular For the clean surfacgFig. 2@@] and Fe films<1.5 ML
reflection or(0,0) beam. The LEED patterr(g) and(c) show  [Figs. 2b) and 2c)], sharp streaks are observed, indicating
the superposition of sharp round spots with long streakgmooth, well-ordered surfaces. The first Fe layer grows
along the direction perpendicular to the step ed§681]).  pseudomorphically with the same lattice parameter as the Pd
Double spots, typical of an ordered vicinal surface with widesubstrate. Above~1.6 ML Fe [Fig. 2d)], the streaks be-
terraces, are also observed. From the distance between thesgme broad, indicating the onset of 3D growth.
double spots in Figs.(& and Xc), an average terrace size  Since the distance between the streaks is inversely propor-
(w) of =18 A is estimated. This is consistent with the width tional to the in-plane atomic spacing, a precise determination
of the terraces calculated for a@®d0 surface with a vicinal  of the in-plane atomic distandgerpendicular to the scatter-
angle of 5° and 1.4-A atomic step height [w ing plang relative to that of the Rd10 substrate can be
=(1.4 A)/tan5°)=16 A]. carried out from the analysis of the RHEED patteth$he
Whereas the cleafl10) surfaces of the latecbmetals Ir,  result is plotted in Fig. 3.

Pt, and Au reconstruct spontaneou®ly° it takes a high After the deposition of the first 0.5-ML Fe, the in-plane
coverage of hydrogefl ML) to induce reconstruction on the atomic spacing decreases t.6%. Between 0.5 and about
(110 surface of the late dt Pd®! Since the LEED patterns 1.3 ML, a plateaulike behavior is observed, with only
displayed in Fig. 1 were measured directly after substrate-0.4% decrease between 0.5 and 1 ML, followed-y.7%
cleaning, we expect a minimum hydrogen coverage adsorbedecrease between 1-1.3 ML. Thus, the films grow pseudo-
on the P§110 surface and therefore no surface reconstrucimorphically in this thickness range, with a maximum com-
tion. pression of~1.7% compared to fcc-PH10 and an in-plane
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stable pure fcc Fée/a=8) leads to a lattice parameter of
: a,=3.64 A (for FM high-moment fcc Feand a,=3.58 A
0‘0 0I5 110 115 2I0 2I5 3I0 (for AFM low-moment fcc F¢.63 Thes%values are 6.4 and
. 8 %, respectively, smaller thaap=3.89 A of bulk Pd. Thus,

Thickness (ML) an in-plane expanded fcc-like phase in the initial stage of
growth followed by a reduction of the expansion at larger Fe
coveragesup to 3 ML) would be consistent with the ob-
served lattice compression with increasing Fe thickitE&s
3), though it would involve a much larger lattice mismatch
(~6.4 to ~8 % expansionwith respect to the RA10) sur-

nearest-neighbdiNN) distance of 2.7 A. This value is close face than for bee F@l0) (~4.2% compression The exis-
to the value of 2.69 A for the Fe-Pd NN distance in atence of fcc-like Fe is consistent with the fact that according

distorted-fcc FeyPds, alloy3® Studies performed by Boeglin to our LEED(Fig. 1 and.RHEED(Fig. 2) patterns the initial

et al35 on Fe/Pd100) also showed the formation of an Fe-Pd 9rowth is pseudomorphic. _

surface alloy with an in-plane compressed and out-of-plane Tet_ragonalslsattlce_ distortions were previously observed by
extended fct structure similar to the tetragonalizguhase of ~B0€glin et al™> during the RT epitaxial growth of Fe on
the disordered F@d,_, alloy.? Pd100. Analysis of LEED patterns using thHé¢V) method

Above 1.3 ML Fe the in-plane atomic distance is reducedead to out-of-plane Iattice parameters very close to that of
more rapidly with increasing film thicknegBig. 3, provid-  Pulk fcc-Pd for Fe thicknesses lower than 4 MB.90 A).

ing evidence of structural relaxation of the Fe films. This isWith increasing thickness, a rapid reduction of the out-of-

consistent with the observed 3D growth that starts above 1.8/ane lattice spacing down to 3.1 A was observed and a
ML, as shown in Fig. 2. The in-plane atomic spacing ap-Structural transition from a tetragonal distorted fcc to a bcc

proaches saturation at3 ML with a total compressiorof ~ Structure was inferred. Additional chemical information from
~7%. SEXAFS(Ref. 35 supports the idea of a structural transition

If one tentatively assumes that in the initial stage offfom an fct Fe-Pd alloymixed interfacg to bct-Fe with in-
growth the epitaxy is for bcc F&l0) to match the fcc creasing Fe thickness. Another study of Fe growth on
Pd(110) surfacdFigs. 4a) and 4b)], then unrelaxed pseudo- Pd001) suggests that above 10 ML the epitaxial Fe films are
morphic bce Fe should experience an in-plaoenpression  Pody-centered tetragon#lhowever, these researchers could

not fit their LEEDI/V results at lower Fe coveratfeo this
(@) fec Pd(110) fec Pd(110) model.

The present LEED and RHEED results provide evidence
for the fcc-like (fct-type) Fe structure on RA10) in the ini-
tial stages of growth. It will be shown in the next section that
our CEMS results on 3 ML Fe/RH10) are consistent with
the result provided by the structural investigation.

1.01 — T T T T T T of ~4.2% according to Fig. 4. Therefore, with increasing Fe

1.00 5 ] thickness, a relaxation towards tharger bulk-Fe atomic
> spacing should occur, which disagrees with our experimental
§§ 0.99 . data. (We measured a~7% compression of the in-plane

= ] atomic distance.

o 5 0.98 e N
o Another possibility is that the initial growth creates ex-
5.9 0.97 . panded fcc-like FgFig. 4(c)]. Indeed, a plot of the lattice
© _? 0.96 i parameter of (high-moment ferromagnetic and (low-
%E momenj antiferromagnetidAFM) fcc Fe alloys versus the
- £ 095 . number of electrons per atoife/a) extrapolated to meta-
=
- 0.94

0.93

FIG. 3. Thickness dependence of the Fe in-plane atomic dis
tance relative to that of F#10 obtained from RHEED at room
temperature(The electron beam was along the azimutf@01]
substrate directiol.

C. °Fe CEMS

(b)  bee Fe(110) © fcc Fe(110) The CEM spectra displayed in Figs(ap and §b) were

2874 5084 recorded immediately after RT deposition of 3 and 8 ML Fe,
respectively, on the vicinal RH10 single crystal and after
cooling to 25 K.>’Fe CEM measurements provide isotope-
specific information about the structure, local environment,
magnetic anisotropy and approximate magnitude of the Fe
magnetic moment of the ultrathit{Fe films.

FIG. 4. Schematics dfa) fcc-Pd110), (b) bee-Fé110), and (c) Both spectra displayed in Figs(& and §b) exhibit a
fcc-FE110) surface structures. The lattice parameters are 3.89, 2.8Tuclear Zeeman sextet, indicating large hyperfine magnetic
and 3.59 A for Pd, bcc Fe, and fcc Fe, respectively, at roonfield valuesB,. The films are magnetically ordered at 25 K.
temperature. Because of the rather large apparent width of the outer lines

4054 3594
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Since the electric quadrupole interaction arises from the
presence of an electric-field gradietEFG) at the °Fe
nucleus, the nuclear level shife2s related to the degree of
asymmetry in the local electronic distribution. The observed
relatively large (negative quadrupole level shift(2¢) of
—0.09 mm/s for 3-ML Fe/Pd10 provides a model-
independent proof for the locally noncubic structuiagtice
distortion of the 3-ML Fe film. For bulk Fe with ideal bcc
structure 2 is zero. The quadrupole level shife dbtained
for the 8-ML Fe film is negligible within error bars, pointing
towards a much less distorted lattice of this Fe film. By anal-
ogy with SEXAFS resul® on 7-ML-thick Fe films on
, Pd001) we may conclude that our 8-ML film on PHLO) has
L bct structure. _ _ _ _

VELOCITY ( mm/s ) The average center-line shiftat 25 K given in Table |
includes the chemical shift(isomer shiff and the

FIG. 5. Mossbauer spectf€EMS) of 3 ML >Fe(a) and 8 ML temperature-dependent, second-order Doppler ghiérmal
57Fe (b) on vicinal Pd110) measuredin situ in UHV at 25 K. redshify. The positive shifts obtained for the 3-MLS
Right-hand side: distribution of hyperfine magnetic fieR(8). =0.22 mm/$ and 8-ML (6=0.16 mm/$ samples as com-

pared to the shift of bulk bcc-Fe at 25 K=0.12 mm/s
and the spectral asymmetry observed, the spectra have beggef. 68] indicate a decrease of tiseelectron density at the
least-squares fitted with a distribution of hyperfine magnetic ‘Fe nucleus in the films as compared to bulk bcc-Fe. This
fields P(By), including a weak mean electric-quadrupole Mmeans that-like elec_tro_ns of the interfacial Fe regions are
nuclear level shifte.54 The Mossbauer spectral parametersiransferred to Pd.33S|m|I_ar result$=0.15 mm/$ were at-
obtained from the fitting are given in Table I, together with tained by Liet al=>* for interfacial Fe layers irffcc(111)-
experimental results for 3—4-ML-thick epitaxial fct-Fe layers F&20 A)/fcc(11D-Pd36 A)],s multilayers. Our result is
deposited on CyAu(001) (Ref. 17 and Cy001),55%6 and also in 51greement with th(_e theory by Mledema_l and Van_der
UHV grown polycrystalline 15-A-thick Fe layers in Fe/pd Woude® for the concentratiofc) dependence of isomer shift
multilayerss’ values in binary Fg;_ alloys that predicts interatomic

The spectrum of 3 ML FéFig. 5a)] and its Méssbauer electron transfer to the more glgctronegative element, in this
parametersB,, and %, Table ) are distinctly different from ¢aS€ Pd(Pauling electronegativity of Pdg=2.20 versus

those of bulk bec-Fe(|By|=34.0 T, 6=+0.12 mm/<$8 2¢  Xre=1.83.

=0 mm/s at low temperatureand rather close to those of Direct information about the average Fe spin orientation
fct-Fe/CuAu(001),Y7 fct-Fe/CL(OOl) 6566 or fct-Fe in Fe/Pd N Zero external fieldgiven by the angled between the in-

multilayers®” The fit indicates a hyperfine field distribution cident y-ray direction(or film normal direction and the di-

with a peak at 39.2 TFig. 5a)], which not only is very large rection O.f By (|'.e., thg Fe spin directiofis obtained from
compared to the value of 34.0 T measured at 25 K for bullghe line !nten5|ty ratios R:1:1:R:3 of a Zeeman sextet,
bce-Fe, but is the largesBy;| value ever observed for Fe whereR is related tof by

films on metallic substrates. The 8-ML Fe film deposited on 4-R

Pd110) [Fig. 5b)] also shows an enhanced hyperfine field ¢=arcco 1°R 1)
(with a peak value of 35.2 T, Table telative to that of bulk

bce-Fe, but one that is much smaller than that measured for From the least-squares fit of the CEM spectrum in Fig.
the 3-ML-thick Fe film. 5(a) we obtain the ratid, s/13 ,=R=3.5£0.2, which yields

RELATIVE EMISSION

TABLE |. Méssbauer spectral parameters obtained from least-squares fitting of the CEM spectra in Fig.
5: center-line shifts (including the isomer shift and second-order Doppler shétative to bulk bce-Fe at
room temperature, electric-quadrupole nuclear level slajfa2erage anglé between they-ray direction and
the Fe spin direction, and magnitude of the average hyperfine magnetiBfjeflso given is the magnitude
of the most-probable hyperfine magnetic figh@ak. Mossbauer spectral parameters for ultrathin fct-Fe films
on CiAU(00) (Ref. 17, Cu(00]) (Refs. 65 and 66 and in UHV-deposited polycrystalline Fe/Pd multilay-
ers(Ref. 67) are also shown for comparisof, is the measurement temperature.

Sample Tn(K) S(mm/g 2e(mm/9 0(°) By (T)
SFe(3 ML)/Pd110) 25 K 0.217+0.002 -0.09+0.03 75 34.5+(0eak 39.2
SFe(8 ML)/Pd110) 25K 0.16+0.08 -0.01+0.02 90 34.2+0(geak 35.2
>'Fe(4 ML)/CusAu(001) (Ref. 17 25K 0.26+0.08 0.07+0.02 25 36.2+0.5
[Fe(15 A/Pd40 A)];y/Sapphire(Ref. 67 4.2 K 0.180+0.002 -0.01+0.01 79 35.5+Qjeak 36.8
5Fe(3 ML)/Cu(001) (Ref. 66 56 K -0.10+0.01 80 32+1
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0=75°+4° for the 3-ML Fe/P@l10. This indicates a pre- the additional induced moment of Pd at the step edges. But
ferred in-plane spin orientation, analogous to the case ofather it is due to the increased Fe atomic moment associated
6-ML Fe (15 A) in Fe/Pd multilayer§? where 6~79°. An  with the metastable ferromagnetic, tetragonally distorted fcc
in-plane orientation of the magnetization is obtained also foifct) Fe structure. This hypothesis is supported by the work
the 8-ML Fe/Pd110 sample by fitting the spectrum of Fig. of Milhlbaueret al*2who observed a correlation between the
5(b), whereR=4 and §=90°. enhanced Fe atomic momdiat 7ug) and the fcc Fe structure

Under the assumptions that the main component of thin Fe/Pd multilayers. However, the finding by &t al3® of
EFG V,, is oriented approximately along the film normal almost identical hyperfine magnetic fielts RT) for fcc-Fe
direction and the asymmetry parametgis about equal to and bcc-Fe in the Fe/Pd multilayers with different Pd thick-
zero (local axial symmetry, the angle betweel,, and the nesses are at variance with our experimental observations,
local spin direction is equal to the anghebetween the film  since the structural transition that we observe in single-layer
normal direction and the incidentray direction. Then, 2is  Fe films with increasing Fe thickness is accompanied by
given by eQV,/3 co¢ #-1)/45* (The nuclear quadrupole changes irBy;.
momentQ of °’Fe is 0.16< 10724 cn?, see Ref. 70.The The possibility of Fe-Pd intermixing during the RT evapo-
measured values ofez—0.09 mm/s and c8%=0.0670(or  ration of ultrathin Fe films on Pd single crystals and in epi-
0=75°) for 3-ML Fe/Pd110 then lead to a value for the taxially grown Fe-Pd multilayers has been suggested previ-
quadrupole-interaction consta@®\,,/4 of +0.11 mm/s(or  ously by some authorg;®? but excluded by other¥:?> An
+5.4X10°° eV) or (equivalently to a value forV,, of +1.4  upper limit of three atomic layers was set for the amount of
X 107 V/cm?. These values are in good agreement with thenterdiffusion using x-ray diffraction daf&.Before one can
corresponding quadrupole-interaction constanand V,,  attribute the enhanced hyperfine field value measured by
valué®® observed in ferromagnetic 3-ML-thick distorted fcc CEMS on F¢€3 ML)/Pd110) to high-moment fcc-like Fe, the
(fct) Fe films on C@001) substrates. Apparently the degree effect of Fe-Pd interfacial alloying or Fe interdiffusion into
of local lattice distortion of 3-ML-thick fct Fe films does not the Pd crystal should be considered.
depend sensitively on the type of substrate used, but rather is Fe-Pd bulk alloys are ferromagnetic at RT for Fe concen-
an intrinsic property of the ferromagnetic fct structure. Thetrations down to 12 at. % If interdiffusion leads to Fe-Pd
change in sign of & (Table ) in going from F&3 ML)/ ajloy formation with Fe concentrations below this value, then
Pd110 to Fg4 ML)/CusAu(001) is explained by the differ-  the “alloy will be paramagnetic at Rf.Mossbauer studies
ent Fe spin orientations in both systems: nearly in-plane ogarried out at RT by Boufelfebt al32 on [Fe4.2 A)/Pd],
Pd110, and preferentially perpendicular orientation onsyperlattices witm< 10 reveal a reduced distribution Bf;
CuzAu(00D). values with a maximum at 32 T and a shoulder at 25 T for

The strong 15% enhancemenelative to bulk bcc Fe at  the first atomic layer of Fe in contact with Pd. No paramag-
25 K) in magnitude of the measured most-probafleak)  netism was observed, however. These results are in agree-
hyperfine fieldBy in F(3ML)/Pd110 cannot be explained ment with RT Méssbauer measurements conducted on Pd-
by the additional contribution of the demagnetizing fi€ld, rich Pd-Fe solid solutions where reduced hyperfine fields
|Bgent = 1o Mscosé, for the case of nearly in-plane spin ori- were measure# Investigations by Boegliret al3® on Fe/
entation. In our case, the external field is zero, #ldem  Pd001) provided evidence for the formation of an Fe-Pd
= po Mgcosf#=0.5 T (taking #=75° and assuming that fct surface alloy with similar properties to the disordergd
and bcc Fe have about the same saturation magnetizatigthase of FgPds, Using SEXAFS, they established a direct
HoMs of about 2 T, which is very small. Therefore, the relationship between the formation of an interfacial alloy
magnitude of the measured hyperfine fi¢|Byq) is about  with tetragonal fct structure and the large orbital moments of
equal to the magnitude of the intrinsic hyperfine figl]  Fe atoms in the kK8 ML)/Pd001) system. An early survey
=|Bpi| = |Bgeni =38.5 T=|By¢). We may pose the question of the magnetic properties of transition metals alloyed with
whether this observed enhancgg, is correlated with an Fe reported increased hyperfine fields for the Fe-Pd sy§tem.
enhancement in the Fe atomic momesy, in the ultrathin -~ Van der Woude and Sawatzlyalso mention a hyperfine
film. [It is well known that in bulk Fe alloys there is roughly field increase of 1.1 T for an Fe-Pd alloy with respect to
a proportionality betweerB;,; and ur, With a conversion bcc-Fe. Klimarset al.”” measured enhanced valuesByf for
factor of about 15 T4g (Ref. 72.] In fact, an enhanced Fe-rich Fe-Pd alloys by Mdssbauer spectroscopy. A maxi-
moment of uge=2.7ug was deduced by Mihlbauet al*>  mum hyperfine field 0f~37.5 T at 20 K was measured for
from magnetization measurements on polycrystalline Fe/Pécc-Fe _Pd, alloys with x<0.37. Increasing Pd concentra-
multilayers, and the value of 2.6 was inferred by Le tion leads to a reduction dBy| [|Bn|=35 T for Fe Pd)5
Cann et al3” from magnetic circular dichroism measure- (Ref. 78]. These results were also qualitatively corroborated
ments on FE ML)/Pd001). Assuming that no induced po- by Zhanget al8? although smaller hyperfine fields were mea-
larization occurred at the Fe/Pd interface, polarized-neutrosured for the Fe-rich Fe-Pd alloys-35 T). However, the
reflectometry results by Blanet al*” also provided average large hyperfine field value of-39 T that we measured for
Fe atomic moments of 2.6& for Pd/F€5.6 ML)/Ag(001) the F€3 ML)/Pd110 sample cannot be explained exclu-
structures. The same val(2.66ug) was observed by Fuller- sively by taking into consideration the formation of an inter-
ton et al.”® on Au/Pd/F¢5.6 ML)/Ag(001). We will discuss facial Fe-Pd alloy.
the question of proportionality B, and ue. further below. We propose that an additional mechani@maddition to

The hyperfine field enhancement observed for the disinterface alloying, if at a)l is responsible for the large hf
torted fcc-like 3-ML Fe film on PAL10 is not likely due to  value of ~39 T observed in the 3 ML fct Fe film. Such a
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mechanism could be hybridization ofl4d and 8-Fe elec- was found to be nonmonotonigeak-shapedwith depth,
tronic wave functions in the interfacial Fe/Pd region, com-exhibiting strong enhancement with a maximum value of
bined with the two-dimensional character of the 3-ML-thick ~38.5 T in the first subinterface layélayer S-1), and a
Fe film, as inferred from spin-resolveab initio electronic  lower value(though still enhanced relative to the bulk value
band structure calculatiof®2427.79n this context it is worth  of 34.3 T) of ~35.8 T at the Pd/Fe interfadéayer S). The
mentioning that in a depth selective CEMS interface study otomputed maximum value of 38.5 T is in excellent agree-
Pd coated epitaxial bcc-F@01) film structures the magni- ment with our experimentally observed peak valudByf|
tude of By; was found to oscillate with the distance from the =39.2 T or with our value ofB;,]=38.5 T after correcting
interface®® Even at RTB,; was found to be enhanced to a with By, although the crystallographic structure and orien-
value of ~37.8 T in the second Fe monolayer from the in-tation differ for theory [Pd/bcc-FE€01)] and experiment
terface, and approached the bcc-Fe bulk value within 8—1(vicinal fct-Fe/Pd110)], and ideally flat interfaces were as-
Fe monolayers. This oscillating behavior was explained by aumed in the calculations. Although some Fe-Pd interdiffu-
superposition of an exponential short-range exchange intesion in our samples cannot be completely exclu¢esl dis-
action (mainly due to 8-4d hybridizatior?®) within the first  cussed above the good agreement between theory and
three Fe monolayers from the interface, and an oscillatingxperiment, on the other hand, suggests that such interdiffu-
RKKY-type long-range exchange interactiona conduction  sion is nearly negligible in our samples, in accordance with
electrong in deeper Fe layers. A similar hybridization effect Refs. 24, 25, and 80.
at the fct-Fe/PAL10) interface may lead to the strongly en-  The theoretical results by Handschuh and Blfiydem-
hancedBy value observed in the present work. onstrate that, due to a change in sign Bf,, the
Finally we would like to address the question of propor-monolayer-resolved proportionality betwefB},| and e is
tionality between the intrinsic hyperfine fieRj,; and the Fe lost at the interfacdlayer S) and at the first subinterface
atomic momenjug, at and near the Fe/Pd interface. It is well layer (S—1) of the Pd/bcc-F®01) system. It is important to
established that the measur@egative hyperfine field at the notice, however, that due to the peculiarity Bf, , the av-

’Fe nucleusB,; can be decomposed as erage hyperfine fieldB)3 . and the average Fe atomic
moment{ug)s M., both averaged over a 3-ML-thick surface
Bht = Bint t Baem™ Bcore t Bual,core Bvaltr + Baem region, yield values of 36.2 T and 24, respectively, ac-
= Byt toc + Buartr + Baem ) cording to theory. This results in a theoretical conversion

factor (Bns mi/{me)s m. Of 15.1T/ug, which agrees sur-

The small(positive demagnetizing fiel@qen,is estimated  prisingly well with the usual conversion factor of T8 ug
to be <0.5 T in our casdas mentioned aboyeand will be  for bulk bce-Fe alloy$2 This observation provides some jus-
neglectedBgore and By core @re the(negative contributions tification for the inference of an enhanced average Fe mag-
due to intra-atomic polarization dfis, 2s,3s) Fe core elec-  netic moment ug)s y. Of ~2.3ug from our measured aver-
trons and 4 valence electrons, respectively, by the locdl 3 age hyperfine fieldBy); . Of 34.5 T within our 3-ML-thick
moment of the Fe MOssbauer atom, wHlg,  is the trans- ¢ fiim. The value of 2,85 (and 34.5 J should be consid-
ferred hyperfine field due to inter-atomic polarization of va-greq as a lower limit, because the hyperfine field distribution
lence 4 electrons byd electrons of neighboring F@nd Pd i, Fig 5 shows a low-field tail which might be due to a small

atoms. WhileBhf,gazc: Beore* Bual.core 1S Proportional to the lo-  graction of thermally rapidly relaxing Fe spins in the ultrathin
cal 3d momen®'82 (134~ urd), Bya iy depends on the degree §y, at 25 K.

of hybridization of valence gelectrons withd electrons of
neighboring atoms surrounding the Modssbauer atom, and on
their magnetic moments. Hends,,  is of nonlocal nature. IV. CONCLUSIONS
In their pioneering theoretical work Ohnisleit al81-82
have demonstrated for the ground-state magnetism of ideally The structure and hyperfine magnetic properties of epitax-
flat bcc-F€001) surfaces/interfaces tha@,, ,, changes sign ial Fe ultrathin films on a vicinal RA10 surface have been
from positive directly at the surfacefinterfa¢atomic layer investigated by means of LEED, RHEED, ammsitu °'Fe
S) to negative in the first subsurface/subinterfatiyer S CEMS. LEED and RHEED provide evidence for pseudomor-
-1) and following layerglayersS—i, i =2). This results in a  phic film growth in the initial stage of growth. The RHEED
nontrivial relationship betweeB;,; and ur. in layersSand  determination of the in-plane atomic distance versus Fe film
S-1 of the ideally flat bcc-R@01) surface/interface. thickness demonstrates the initial stabilization of the meta-
For the case of the Pd/bcc{B@1) system with an ideally stable fcc-like(fct) Fe structure on Rd10). This interpreta-
flat interface, Handschuh and Bliig&have determined the tion is supported by’Fe CEMS measurements in ultrahigh
monolayer-resolved ground-state Fe magnetic moments andicuum which indicate an enhanced saturation hyperfine
’Fe hyperfine fields fronab initio full-potential linearized field of ~39 T for a 3-ML-thick Fe film at 25 K. A large,
augmented plane wavé&LAPW) calculations. They found though less enhanced hyperfine field is also observed in dis-
an interfacial Fe region of about four atomic layéesyersS,  torted fcc-like (fct) Fe films on other substrates, such as
S-1, S-2, S-3), where u, decreases monotonically from CusAu(001).1” These results suggest that ultrathin fcc-like Fe
an enhanced value of2.75u; (at layerS) to ~2.3ug (at  films on Pq110) are in a ferromagnetic high-moment state,
layer S-1) to its bulk value of~2.12ug (at layerS-3).  and show an enhanced Fe magnetic moment due to elec-
Simultaneously, the magnitude of the hyperfine fitg,| tronic 3d-4d hybridization at the Fe/Pd interface.
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