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Ultrathin Fe layers grown at room temperatdiRel) on Pd100 show anomalous magnetic in-plane anisot-
ropy even in the monolayer limit whereas perpendicular anisotropy can be achieved only by depositing iron
layers at lower temperature. The structure of the RT grown films and its influence on the magnetic properties
are examined. In order to clarify the growth at RT, we have performed core level photoemission, LEED and
SEXAFS on ultrathin Fe/RA00) layers. By photoemission, we observe a core level shift which is attributed to
the interdiffusion of the first iron layers into the @90 substrate. SEXAFS measurements confirm a surface
alloying up to four equivalent monolayers Fe{P@0). At this coverage, polarization dependent SEXAFS
results are compatible with a face-centered-tetragonal/IPé,; disordered alloy structure showing an expan-
sion of 4% of the lattice parameter in the growth direction. The magnetic in plane anisotropy observed by Kerr
on ultrathin Fe films and the large orbital moment measured on theg Fedges are understood in the light of
the microscopic description of the Fe(R@0) interface.[S0163-182@99)01830-5

[. INTRODUCTION (XMCD) (more recently in the transverse geomgteads to
a direct measurement of spin and orbital anisotroi#.
Many experimental and theoretical results have been obFhese are the main ideas behind the theory in the field of
tained in the past fifteen years in the field of magnetic mul-orbital magnetism and its connection to magnetocrystalline
tilayers. In these artificially grown low-dimensional mag- anisotropy’*
netic systems the interfaces are of greatest importance and The question which is addressed in this work is that of the
often play a key role. The macroscopic magnetic propertiesnicroscopic origin of the strong magnetic in-plane anisot-
of these systems are widely related to their structure on theopy in Fe/Pd100) ultrathin films. It is known that the lattice
microscopic scale. It was shown in the eighties that themismatch between bcc Fe and fcc Pd favors a strong tetrago-
Cd/Au and Co/Pd multilayers exhibit in-plane anisotropy in-nalization of the epitaxial iron layefé:?® Since the strain
duced respectively by rough interfaces and interfacialould induce a magnetoelastic surface anisotropy and thus
mixing.1? Detailed growth studies of the related single ultra-favor perpendicular magnetic anisotrofBMA) it cannot be
thin films give access to the interface and film structure andt the origin of the observed in-plane anisotropy.
can thus be considered as model systems for the understand-In this paper, the SEXAFS analysis will be used to show
ing of the multilayered systems. that the ultrathin films are face-centered-tetragdfe) sur-
Dimensionality effect¢form anisotropy in these systems face alloy close to the well known disordergdphase of
lead to the well-known perpendicular anisotropy observedre;oPds,. This surface alloy shows a perpendicular tetrago-
in the Cd/C@100), Ni/Cu(100, Fe/C{100, Fe/Cy11ll) nalization and is thus different from the phase. At room
(Refs. 3—7 thin films. On the other hand, the coupling at the temperature diffusion mechanisms at the Fé&IB@ ultra-
interfaces(throughd band hybridizatiopnwas thought to be thin film interface and the strong magnetic in-plane
at the origin of the strong magnetic anisotropy observed iranisotropy* can both be discussed within the presented mi-
Co/Au(111), Co/Pt111), or Co/Pd111).27*2 For thin flms  croscopic model.
and multilayers, the combination ofi34d or 3d-5d transi- Only a few attempts were made to understand precisely
tion metals takes advantage of thband hybridization at the the crystallographic structure and the morphology of the ul-
interface and of the exchange interactions. Magnetoelastigathin iron films in the monolayer rang&?>2¢At low tem-
effects introduced by elastic deformation of unit cells of theperature the LEED pattern is diffuse whereas at room tem-
epitaxial layers and magnetocrystalline effects due to theerature the different spots become sufficiently sharp after
structure are also important contributions to the macroscopi¢2 ML to be fully analyzed byi(V) methods’’ The re-
magnetic anisotropy> '8 In itinerant ferromagnetic materi- sults show that the structure of the film is bct at 12 ML
als, the recently developed x-ray magnetic circular dichroisnFe/Pd100) and relaxes to bcc only for very thick layg00
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ML). The distortion was attributed to a slow reduction of the H// [001] H /7 [100]
epitaxial strain at the Fe/PtD0) interface. The sharpness of 02 - Polar Longitudinal
the interface is still somewhat controversial. Various authors
have tried to define the sharpness of the ultrathin film inter-
faces. However, their arguments were only partially sup-
ported by RHEED, Auger spectroscopy or magnetic
properties-2-24-26.28

Some authors have shown by magneto-optical Kerr effect
measurements, polarized-neutron reflection, or magnetic
x-ray circular dichroism that the easy axis is in-plane and
along the[100] directiorf>24%529n the case of RT deposited
ultrathin Fe/P¢LO0) films. Since low temperature grown iron
films show the expected PM&:?® there is a close relation-
ship between the morphology of these films and their mag-
netic properties.

In this paper we will focus on the structure of the iron
films and on the related in-plane magnetic anisotropy as well
as on the values of the orbital magnetic moments measured
at thel , 3 Fe edges. In Sec. Iln situ magneto-optical Kerr
effect measurements are presented for RT grown 1.7 ML to 5 ool 0.00
ML films. The extracted anisotropy constaf} is found to ' ,_,_,4/’_ '
be larger by a factor 10 compared to Fe bcc. The constant
will be discussed and compared to MBE coevaporated
FesPdo/MgO(100) *° The previously published magnetic O T 0 5 10 g0 a0 o 0 200
circular dichroism data and the large orbital moment mea- H (KOe) H (Oe)
sured along th€100] in-plane direction which were still un-
explained are compared to recent MCXD data obtained on giG. 1. Polar and longitudinal Kerr-effect rotation for
MBE coevaporated FgPd,/MgO(100) 243! Fe/Pd100) grown at room temperature. The longitudinal Kerr-

The structural description of the ultrathin Fe(P00)  effect loop appears after 1.7 ML FefR60). Polar Kerr-effect sig-
films is presented in Sec. IV and is supported by an extensifial shows that the out of plari®01] direction is the hard axis
core level photoemission analysis completed by LEEM) between 1.5 ML Fe and 5 ML Fe/PD0).
data and an SEXAFS study. Thel 3d core level shift ob-
served after iron deposition is directly related to the mearand recorded with a high-resolution hemispherical energy
chemical environment of the topmost layers, whereas th@nalyzer in the normal emission direction. The Fe films were
EXAFS performed at the F& edge gives the short range grown at room temperature in ultrahigh vacugase pres-
order over the whole film. The linear polarization of the sure 1x 10~ *°mbay. The film thickness was calibrated by a
x-ray radiation allows us to get information about the anisot-quartz crystal microbalance and controlled by AES. In both
ropy of the crystallographic structure through an independenéxperiments the typical growth rate was 0.2 ML minvhich
measurement of the interatomic distances in and out of thysures that variations in the growth process due to surface
film plane. Furthermore, EXAFS spectra recorded at the Finetic effects are minimized. Further details of the sample
K-edge are sensitive to interdiffusion at the interface since ifpreparation are given in Refs. 23 and 24. In the SEXAFS
our case the contributions of the Pd atoms can be separatestperiment the variation of the x-ray absorption coefficient
from the Fe contributions in the EXAFS oscillations. of the samples was measured in the fluorescence yield mode

In Sec. V, we discuss and explain the magnetic data imbove theK edge of iron(7114 eV}. In order to get informa-
the light of the structural characteristics of the RT growntion about the crystallographic anisotropy the spectra were
Fe/Pq100 films. recorded in normal incidence with the linear polarization
parallel to the surfacél00) plane of the sample and in graz-
ing incidence using an angle of incidence of 75°.
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Il. EXPERIMENTS

The magneto-optical Kerr effect measurements were per-
formed on anin situ grown Fe/P{L00 wedge from O to 7
ML Fe/Pd100) and calibrated by Auger electron spectros- The polar and the longitudinal magneto-optical Kerr
copy (AES). The laser spot size on the sample was less tharotation obtained on a Fe/Pdb0 wedge grown sample
0.5 mnf in order to assume a single domain in the Kerrare shown in Fig. 1 for 1.7 ML up to 4.3 ML Fe/PdO0).
analysis. Along the [100] direction the onset of the hysteresis loop

The SEXAFS experiments were performed at the “Lab-is observed at room temperature between 1.7 and 2 ML
oratoire pour I'Utilisation du Rayonnement Electromagnet-Fe/Pd100) corresponding to the MCXD daf4.The discrep-
iqgue” (LURE) on the surface EXAFS setup using a(&20) ency with previous data where it was found to occur at 1
double crystals monochromator installed on the wigglemML is related to our Auger calibratiotno exponential decay
beam line of the DCI storage ring. Photoemission data weref the Pd ling which leads to a different monolayer
recorded using monochromatized x rays of theKal line  definition? In the polar Kerr geometry the magnetization is

IIl. MAGNETIC PROPERTIES
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clearly along the hard axi®01] where we observe for our
thin films a linear evolution of the anisotropy field with the
inverse of the equivalent thicknessof the iron film. The
volume respectively interface anisotropie constafsre- /
spectivelyK are given byK,=6.4x 10° erg/cn? and K = T rrrrrrrs —
—0.7x10 2 erg/cnt.

The extracted Kerr anisotropy constankK, of
6.4x 10° erg/cn? is found to be larger of a factor 10 com-
pared to Fe bce (4:210° erg/cn?) but close to the set of
MBE coevaporated FkgPd,/MgO(100) values (K,
=(2-10)x 10° erg/cn?) obtained for different chemical
ordering®®®! The similarity of the anisotropy constants be-
tween our ultrathin films and the coevaporated 500 A
FeoPdp/MgO(100) is an indication for a surface alloy in
the case of RT grown 3 ML Fe/PH00).

The magnetic orbital moment has been extensively stud-
ied by MCXD in a previous pap&rwhere surprisingly large
orbital moments were found (0.540.07ug) for RT depos-
ited 2 ML up to 5 ML Fe/PdL00 compared to bulk bcc Fe , oo |
(0.09u3).%? For the same samples the out of plane MCXD annealed at 400°C
signal was zero in the magnetic remanent state. r . r r r . r .

The previously published magnetic circular dichroism 334 335 336 337 338
data and the large orbital moment measured along 166 Binding Energy (eV)
in-plane direction which were still unexplained can be com-
pared to recent MCXD data obtained on MBE coevaporated FIG. 2. Pd 3 core level photoemission spectra recorded with a
Fe,oPdo/MgO(100) 3! For the different elaboration tem- monochromatized x-ray AKa source, for clean RA00), 6 ML
perature of the MBE alloys the orbital moment was found ofFe/Pd100 room temperature grown film and for the annealed films
(0.22+0.05¢) in the chemically disordered sample and upat _350 and 400 °C._ The open triangles are t_he ex_perimental_ data
to (0.42+0.054g) in the ordered one. points and the_ cqntln_uous I|ne§ are the total |_n_ten5|ty of the S|'mu-

Ultrathin films Fe/P@L00) grown at RT show in-plane Igted photoemission lines obtained by the addition of two contribu-
anisotropy which is also the case in the disordered MBEO"S: one for bulk Pd 8 and the other for FePd alloy Pdi3
alloys and we believe that an intermediate chemical order ijyhere AE is the energy shift in eV an@ the iron concen-
our 3 ML Fe/Pd100 film could explain the large orbital tration. The estimation of the core level shifelated in this
moment found by MCXD and the magnetic anisotropy anacase to alloying of Pdhas been proposed by Johansson and

3d Pd (100)

AVA'A ATATa AT

6ML Fe/Pd(100)

counts / sec. (arb. units)

lyzed by the magneto-optical Kerr measurements. Martenssori® The photoemission process is analyzed in
terms of a Born-Haber cycle involving the cohesion energy,
IV. STRUCTURE OF THE FILMS the ionization energy and the energy of solution calculated

after Miedemaet al3*

In Fig. 2 we show the evolution of the PdlZore level . .
The core level energy position of the alloy obtained by the

after deposition of 6 ML Fe/RA00) at room temperature . e E -
and different annealing of the film which favor interdiffusion 400 °C annealing is 0.60 eV with respect to the bulk fed 3
monitored by Auger spectroscopy. The mean free path fo he Pd 3l core level energy position is thus coherent with a
the Pd 31 photoelectrong1100 eV kinetic energyis esti- 567 Fe concentration. We suppose that the single core level

mated to 15 A. For this reason the surface related componef{f€Shape of the alloy given by the 400°C annealed film
is below the detection limit in the normal emission geometry,FEPresents a good line shape reference for the alloy compo-

compared to the bulk PddBcontribution. We notice in Fig. 2 nent in our thin films and that the energy position is related
that the spectrum undergoes a strong broadening at 6 mfo the spegﬁc concentration.

Fe/Pd100). This evolution is progressive with film thickness __Annealing a thicker film of 20 ML Fe/RA0Q (not

and shows a saturation at about 4 ML. Considering the relaS"0Wn &t 400 °C leads to the same shape and position of the

tively large mean free path, the shifted photoelectron lind”d 3d core level as observed for the annealed ? ML Fe.
obviously probe more than a single Fe/Pd interface layer. OPViously the average concentration after the 400 °C anneal-
g at the surface is equivalent in concentration whether we

We can notice that the experimental spectra of the 400 °¢! ) :
annealed 6 ML film show no contribution of bulk Pai3  Start with 6 ML or 20 ML Fe/PdL00. This could be under-

This implies that the Fe concentration in the probed interfac%OOOI by a temperature dependent concentration in the sur-
alloy is less than 50% by considering the mean free path ofeC€ alloy. _

the photoelectron&l5 A) combined with the initially amount The bulk and alloy components were described by asym-
of 6 ML Fe. The confirmation is given by the Pdizore ~ Mewic line profiles including both Lorentzian and Gaussian

level shift of 0.60 eV related to 38% iron concentration asfuhnctions and t.he_ pgr?metirs cfc?ntrolgng the .detaileld line
extracted from the concentration versus binding energy equa?'2P€ Were optimized for a best fit to the experimental spec-
tion (1): tra of clean P@L00 and 400 °C annealed film.

The decomposition performed on each photoemission

AE=1.6C, (1) spectra has been obtained by taking a combination of the
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fitted shape obtained for the clean(P@0) and for the 400 °C
annealed 6 ML sample where a complete diffused situation is
assumed. 4.0

The total Gaussian broadening in the fitted lines was 0.8
eV. The adjusted Lorentzian parameter was 0.13 and the
asymmetry parameter 0.15 corresponding to the fit parameter
found on P@d100) by Anderser?® The energy position of the
bulk component was fixed to the value found for the clean
Pd100) spectra at 334.95 eV after the Fermi energy correc-
tion. For the different situations the alloy corresponding lines
have been adjusted for their energy position considering di-
lution effects of the iron into the Pd surface. The surface
peak position has been fixed at 334.52 eV binding energy
corresponding to previous work of Nyholet al*® The con-
tribution of this surface related line could be neglected in the
experiment as shown in Fig. 2.

The RT grown 6 ML Fe/PA.00) film can be simulated by 3.0
a combination of the already described photoemission lines

Pd fcc : a,=3.89 A

| (V) data

QO EXAFS data
(average over 5 top layers)

34

3.2

interlayer distance (A) X 2

T

(bulk Pd ™ and Pd 3l alloy) and the best energy adjustment ;-

for the alloy contribution is obtained for a binding energy of 28f Fe bee - a,=2.87 A 9
335.68 eV(+0.74 eV with respect to the bulk peak position PN —

Following Eg. (1) the line at 335.68 eV corresponds to a 0 5 10 15 20 25 40
46% Fe average concentration in the local environment of Fe equivalent layer thickness (ML)

Pd.

Considering the 6 ML situation we notice that the relative  FIG. 3. Evolution of the out of plane parameter with the total
areas of the bulk component and alloy component are respeegu"’"’_‘lent film thicknes¢ML). The closed squares are the LEED
tively 62% and 38%. Supposing a constant Fe Concentratioﬁltens'ty versus voltage-1(V) extr_acted parameters. The open
over the interface alloy (FgPds,) the photoelectron mean circles are the parameters determined by EXAFS for the five top
free path of 15 A implies that we have a 14 A thick alloy at layers.
the interface in order to describe the two relative Rl 3
photoemission components. Considering the fct parameter efualitatively to small ordered domain sizes superimposed to
3.90 A given by the structural analygisee next sectionsa  disordered areas in the plane of the ultrathin films. Moreover,
simple calculation shows that 3.8 equivalent Fe monolayerbecause of the poor quality of the LEED spots, it was not
are imbedded in the PH00 surface and that about 2 ML Fe possible to extract a reliable in-plane parameter evolution
are on top of the interface alloy. during the first stages of the growth. In order to determine

As it can be observed, the relative bulk to alloy compo-modifications of the out of plane parameter we performed
nents (50%,50% for the 350 °C annealed film shows that | (V) curves obtained on the specular 00 spot in the thickness
more Pd atoms are involved in the alloy of the above definedange of 0 to 25 ML. The extracted out of plane lattice pa-
concentration as for the room temperature grown film. Afterrameters are plotted in Fig. 3 as a function of the equivalent
annealing at 350 °C the total amount of the 6 ML Fe haghicknesgML) of iron deposited. The constant lattice param-
diffused into the PALOO) surface but the average concentra-eter of 3.90 A from 0 to 5 ML leads to the conclusion that
tion is still 46% Fe. there is no evolution of the out of plane distances on the

The relative core level binding energy of 0.14 eV com-surface of this films. The parameter corresponds to the
paring the RT grown film to the 400 °C annealed films andPd100) single crystal spacing and is the first indication for
the related 46% Fe and 38% Fe concentrations can be emsn fcc epitaxial structure of the grown film. Moreover, the
plained by different stages of diffusion of the 6 ML Fe room rapid transition of the spacing distance after 5 ML, towards
temperature grown and 350 °C annealed film whereas ththe smaller value of 3.1 A could be explained by a structural
400 °C annealing leads to a complete dilution of the iron intotransition from a tetragonal distorted fcc to a bcc structure.
Pd100. The strong modification of the out of plane interlayer dis-

The shift in energy recorded by photoemission can bdances observed on théV) curves would thus be coherent
compared to the PH, ; absorption edge shifts, measured for with an extended interface alloy or a complete diffusion
RT grown Fe/Pd multilayer® The average measured Pd of the deposited Fe atoms below the LEED detection
L, 3 absorption edge leads to shifts of 1 eV for 2 ML Pdlimit. The absence of chemical information in tHgV)
spacer up to 0.6 eV for the 8 ML Pd spacer, relative to thickcurves leaves open the details of the mixed interface. Con-
Pd spacers. Assuming that our thin Fe//) films are sidering a five atomic layer average for t{&/) information,
model systems of the multilayered Fe/Pd interfaces, the twthe strong reduction of the interlayer distance observed after
previous described MBE multilayers are most probably alloy5 ML Fe/Pd100) is coherent with the photoemission data.
like. The two experiments are focused towards the 4-5 ML

The LEED patterns observed for the 1-4 ML Fe/Faf)  equivalent thicknesses where simultaneously the chemical
films show large X1 spots and a large background com-and the structural parameters are changing.
pared to the clean R#00) diffraction. This corresponds For the 10 ML Fe/PdL00 film the reduced mean free
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path of thel(V) technique is not able to discriminate be-
tween the uniform bct structure and the superimposed fct and
bct structures along the growth direction. Confirmation of the
description of the interface grown at room temperature and a
more quantitative description of the local chemical and crys-
tallographic structure of the 4 ML film, will be provided by
the EXAFS experiment.

Surface extended x-ray absorption fine structure
(SEXAFS has been performed and analyzed for differient
situ grown ultrathin films. The thicknesses studied here are 4,
6, 8, and 40 ML Fe/Pd00. The analysis of the EXAFS fine
structures and of the Fourier-transformed spectra obtained on
the FeK edge provides a detailed knowledge of the interface
structure. This method is element selective because the EX-
AFS above the&K edge of Fe depends exclusively on the Fe
local environment. Since it is only sensitive to the local order
around an absorbing ato(fe in our casewe should get a
pure fcc signature for the film even if it is composed of
differently rotated fcc grains. In this sense SEXAFS is
complementary to long range diffraction techniques like
LEED or grazing incidence x-ray diffraction. The Fourier
transform of the SEXAFS spectrum roughly provides the
different shells of neighbors of the absorbing Fe atoms. ) ) )
These relative intensities of these peaks are characteristic of F!G: 4. Schematic representation of tt00 planes in a fct
a crystallographic structure: fcc, bec, hgtfp. crystal (a) and in a bct c_rysta[b). O_pen C|_rcle: central emitter

The EXAFS signal depends on the angle between th&tom. Closed_ circles: “in-plane” flr_st nelghbors of the central
electric field vectors and the bonding axis from absorber atom. Gray circles: “out-of-plane” first neighbors of the central
to a neighbot®~*° through the electric dipole transition op- atom.

erators-r. Thus, we are able to study the structural anisot- |n a bce(100) structure[see Fig. 4b)] each atom has 8
ropy of the film (in-plane versus out of plane bound direc- first NN (4 in the plane and 2 out-of-plandn normal inci-
tiOI’lS). The structure and the strain can be quantitativelydence the effective coordination numbers %:8 (fn’st

described as a function of the film thickness through the,earest neighborsand N%,.= 6 (second nearest neighbprs
coordination numbeN and radial distanceR of the nearest |, gra7ing incidence the effective coordination numbers are

neighbors(NN). The linear polarization of the synchrotron N*

J o =8 (first nearest neighborandN3 =6 (second near-
lout 2out

rad|at|on allows to separate the two co.ntnbutmjrmatled 0 et neighbors This shows that the contribution of the first

in and out of plan bondssince, for the single-scattering part

of the EXAFS signal, the contribution of each bond is shell of neighbors is identical for the two x-ray incidences.

iahted by a factor ¢d h is th le bet h On the contrary, for the second shell of neighbors only the
weighted Dy a faclor cosy, wherea IS In€ angle between he in-plane bonds contribute in normal incidence and only the
bond and the polarization vector of the x rays. In this frame

. * o ‘out-of-plane bonds in grazing incidence.
work the effective number of atonté” of the sheli is given Figure 5 shows selected EXAFS spectra recorded in the

by the sum over all the neighbojdocated at the distance 0 incidences for 4. 8 and 40 ML. We notice a drastic
Ri: change in the shape and amplitude of the EXAFS oscillations
in the region of 7220-7320 eV for the 4 ML film as com-
N* =33 co2 @i, ) pargd to the 40 ML film. This.evidences a diff_erent local
environment(structural or chemicalfor the absorbing atom.
Spectra recorded in normal incidence are different from
wherea;; is the angle between the electric field vect@and  those recorded in grazing incidence, showing that for all
the direction of the atom of the shelli. samples the structure is not isotropic. The anisotropy is also
For example, in the case of an f¢€00 structure each clear on the Fourier transform of the spectra shown in Fig. 6.
atom has 4 NN in the san{@00) plane and 8 NN above and Qualitatively, we observe in the FT spectra two peaks la-
below [see Fig. 4a)]. For a normal incidence of the light peledA and B (in the normal and in the grazing incidence
(in-plane orientation of the polarization vecter the effec-  geometry which are present for all our thin films grown at
tive coordination numbers aigj,=6 andNg,=6 where the  room temperature. This double structure due to Pd environ-
subscript in and out represent the in-plane and the out-ofment completely vanishes for 40 ML Fe(R60).
plane NN. For a grazing incidence of the liglat of plane To determine precisely the structure of the films the in-
orientation of the polarization vecte) the effective coordi- verse Fourier transforrtiFT) (Fig. 7) of the first peak of the
nation numbers aréNi,=0 and N},=12. This numbers FT has been calculated. These functions are simulated using
shows that in the grazing incidence experiment we can medhe classical EXAFS formula to determine the NN distances,
sure theR,,, distance. In normal incidence geometry we will the related\* and the associated Debye Waller factor. The
have a mixed contribution of in-plane and out-of-planescattering functiongamplitude and phageare experimen-
bonds. tally determined on bulk cobalt for the simulation of Fe-Fe
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FIG. 5. EXAFS spectra for 4, 8, and 40 ML Fe[R@0) grown
at room temperature, in normal incidence at (@pen squares—
dotted lineg and in grazing incidence at 7%€ontinuous lines

FIG. 6. Fourier transforms(FT) of k-x(k) between k
=2.43 A"t andk=12.27 A~* for EXAFS spectra recorded at 300
K in normal incidence and in grazing incidence for 4, 8, and 40 ML

. . Fe/Pd100.
bonds. The scattering parameters for the Fe-Pd neighbors are

calculated with the FEFF codéWith this set of scattering dence we extract the Reespectively, Pdensity of the on
parameters we simulate the IFT spectra by a coherent fit abp and underneath layer with respect to the iron emitter.
the structural paramete(dl* ,R;, Debye Waller factow;). Considering the Fe-Fe effective coordination number
We will first focus on the 4 ML ultrathin film and com- (N, -=4.5+0.5) or the Fe-Pd effective coordination num-
pare the results to the bcc iron obtained at 40 ML. The reper (N, p=7.5+0.5) we conclude that the out of plane
sults of the best fit obtained on the EXAFS-IFT spectra arjistribution (perpendicu|ar to the surfacéavors the Pd at-
summarized in Table | and plotted on Fig. 7. Describing theoms in the local distribution of the Fe emitter. The eight
4 ML situation, the best fit is obtained with 12 I\(thludlng Out_of_p|ane neighbors are constituted Nout Fo.Fé& 3.0
Fe and Pd neighborsvith R;=2.70+0.02 A in grazing in-  +0.5 andN,,, re.pe= 5.0+ 0.5. Using also the values of the
cidence and?;=2.67+0.02 A in normal incidence. Assum- effective number in normal incidence we can deduce that the
ing a fct (100 structure, in grazing incidence the measuredin-plane neighbors ardli, re.re= 2.0+ 0.5 andN;, re.pe= 2.0
distance is the out-of-plane distance, while in normal inci-+0.5. Supporting the numbeh involved in the Fe-Fe and
dence the measured distance is the average value betwepg.pd bonds we can propose a local description of the iron
the NN distance in the plane and the NN out-of-pldNé environment for 4 ML Fe/Pd.00).
=6 andNj,=6). This assumption leads to a fct structure  The description of the fct alloy given by the EXAFS
with in-plane NN distances of 2.64 A and an out-of-planeanalysis shows that the environment of the iron atoms in the
NN distance of 2.70 A. Thus the fct structure has an in-planglane parallel to the surface is equiatomic whereas the near-
lattice parametea=3.73+0.02 A and a out-of-plane lattice est adjacent layers are Pd enriched. The total number of NN
parameterc=3.90+0.02A. The 4 ML Fe/PA00 room of the Fe emitter areNgor=5.0+0.5 and Nggps= 7.0
temperature grown film is thus described by a fct disordered- 0.5 Pd.
FePd surface alloy. We notice that the in-plane and out-of- Considering a disordered alloy, the mean concentration
plane values}; (2.64 and 2.70 Aare close to 2.69 A which can be calculated by integrating the emitter Fe atom in the
is the NN distance of Fe-Pd in a disordered fcgoPes,  total number of 4 atoms in the fct unit cell. This gives per
alloy. The surface alloy can thus be described by a in-planenit cell an overall of 2.20.5 Fe atoms and 1380.5 Pd at-
compressed and out-of-plane extended fct strucfliig.  oms, i.e., a mean concentration ofsERd;s.
4(a)] similar to the tetragonalizegt phase of the disordered For the situation of 4 ML Fe/Rd00) one can conclude to
FePd,_, alloy. a fct disordered interface alloy which is tetragonalized and
From the effective coordination numbers in grazing inci-has a nearly equiatomic concentration,dPels. This is co-
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' ' ' ' ' ' ' ' ' The very bad X1 LEED at this stage of the growth is also
coherent with a short range order of H00) surface where
the 3% difference between the @00 substrate lattice pa-
rameter of 3.89 A and the in-plane lattice parameter of 3.775
+0.02 A of the disordered FePd alloy is released by defects
and strain, leading to a short range order in the surface alloy.
The thick 40 ML Fe/P@L0OO film is analyzed assuming
that the film is homogenous and that the interface alloy can
be neglected. This simplification is supported by the FT

é spectrum at this coverage which shows a first peak with one
; single structure. For a bcc or bct phase the EXAFS-FT first

8 _ peak contain the 8 first nearest neighbors and the 6 second
g Grazing Incidence nearest neighbors in grazing as well as in normal incidence.

‘é ‘ The EXAFS data corresponding to the 40 ML Fe/FaD)

2 4ML film can perfectly be simulated by a tetragonalized bct struc-

<

ture of pure iron without any Pd. In Table | we summarize
the parameters of the bct structue italic) which give the
best simulation of the EXAFS data. The number of NN are
those of a bct structur@ first neighbors and 6 second neigh-
borg. Moreover, the extracted distance for the first shell of
neighbors is the same in both incidencBggere=2.46
+0.03A. For the second shell we measure in normal inci-
dence R,;,=2.77+0.03A and in grazing incidenc®,q,
=2.82+0.03A. This leads to the bct tetragonal structure
composed of pure Fe with an in-plane lattice parameter 2.77
+0.03 A and an out-of-plane lattice parameter 2:8203 A.
This evidences a partial remanence of the out of plane
FIG. 7. Simulation of the inverse Fourier transforms of the firsttetragonalization of the fct alloy in the 40 ML film. In this
shell for 4 and 40 ML Fe/RA00) grown at room temperature, in range of thicknesses the same tetragonalization was observed
normal incidence at Ofopen squargsand in grazing incidence at by a complete analysis of LEED:V) curves by Quinn
75° (black squares The experimental dataquaresare superposed et al?’
to the FEFF simulationécontinuous lines There are two ways of matching the bct pure iron and the
interface fct alloy. The first can be obtained by an abrupt
herent with the photoemission data. It should be pointed outhange of the fct structure to the bct one. This could be
that the average density in the interface region could be lesschieved by a rotation of 45° of the bct lattice in order to
than 55% Fe since EXAFS probes only the local environ-match in the plane the fct lattid®.73+0.02 A). In this situ-
ment of the iron emitter. Considering the total amount ofation the bct Fe lattice of 2.770.02 A (after the EXAFS
equivalent Fe(4 ML) and the maximum concentration of average value at 40 MLhas to match with the diagonal of
iron involved in the alloy(55%) almost 8 atomic layers of the fct lattice which is 2.640.02 A. The second possibility
disordered alloy are needed to describe the interface. for the transition between the alloy and the bct Fe could be
The fct structure with the in-plane lattice parameter an intermediate phase, different from the previously defined
=3.73+0.02 A and out-of plane lattice parameies3.90 fct or bct.
+0.02 A is coherent with the high Pd density in the out of The spectrum for 6 or 8 ML cannot be described by a
plane direction. Moreover, this situation is favored if thermo-unique phaséfct or bc). We choose a linear combination of
dynamics is considered because of the very low surface fretine previously characterized parameters for the fct alloy
energy of Pd2.04 Jm?) with respect to F€2.94 Jm2).*2  structure(4 ML Fe/Pd and for the bct F€40 ML Fe/Pd. In

8
k(A™)

TABLE I. Structural parameters obtained from the fits of the EXAFS signal of the first shell of neighbors
for the 4 ML Fe/Pd100) and 40 ML Fe/P¢LOO films. The bct structural parameters are given in italic. The
first and second nearest neighbors are indicated for this structure.

Normal incidence Grazing incidence
N* R(A) a?(A?) N* R(A) a?(A?)
Sample Type ofNN (0.5 (+0.02 (+0.00) (0.5 (+0.02 (=0.00)
4 ML Fe-Fe 5.2 2.67 0.014 4.5 2.70 0.004
fct Fe-Pd 6.8 2.67 0.005 7.5 2.70 0.009
40 ML Fe-Fe 1 8.0 2.46 0.004 8.0 2.47 0.003

bct Fe-Fe 2 6.0 2.77 0.003 6.0 2.82 0.002
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TABLE Il. Structural parameters obtained from the fits of the EXAFS signal of the first shell of neighbors
for the intermediate coverages of 6 ML Fe{P@0) and 8 ML Fe/P¢{LOO films. The bct structural parameters
are given in italic. The first and second nearest neighbors are indicated for this structure.

Normal incidence Grazing incidence

N* R(A) a?(A?) N* R(A) a?(A?)

Sample Type ofNN (0.5 (+0.02 (£0.001 (0.5 (£0.02 (£0.00)
6 ML Fe-Fe 3.5 2.67 0.014 2.3 2.70 0.004
Fe-Pd 4.5 2.67 0.005 3.7 2.70 0.009
Fe-Fe 1 2.7 2.46 0.004 2.7 2.47 0.003
Fe-Fe 2 1.3 2.77 0.003 2.0 2.82 0.002
8 ML Fe-Fe 2.6 2.67 0.014 2.3 2.70 0.004
Fe-Pd 3.4 2.67 0.005 3.7 2.70 0.009
Fe-Fe 1 4.0 2.46 0.004 4.0 2.47 0.003
Fe-Fe 2 3.0 2.77 0.003 3.0 2.82 0.002

this case we have adjusted for each thickri@&sand 8 ML properties of the layers for the simulation of the orbital mo-
the relative weight between the FePd alloy and the pure Fements that will be presented in the last section. The absence

bct (in italic in Table 1) contributions. The values dR;,, of large bct island growth can be confirmed by Auger Rs-
Rout» NFere and N pqare those of the surface alloy and of curves. The detailed analyzis of the different Auger signal
the bct structure. evolution and the comparison with low temperature growth

In Table Il are shown the results of the best fit for thekinetics has been published elsewh&&his allows to com-
EXAFS data for 6 and 8 ML films. The 6 ML film is com- pare the room temperature growth kinetics with a theoretical
posed of 2/3 alloy and 1/3 bct Fe. For the 8 ML film it is 1/2 layer by layer evolutionexponential decgyfor which the
alloy and 1/2 bct Fe. We show in Fig. 8 the experimentalmean free path of the substrate Pd 330 eV Auger electrons
EXAFS spectra for the 8 ML film and the linear combination
of the experimental fct alloy and bct Fe. The coherence be- . . .
tween the total equivalent Fe thicknégsand 8 ML and the
ratio of fct FePd alloy and the Fe bct structure confirm that in
both cases the thickness of the FePd alloy is involving 4 ML
equivalent Fe and that a pure phase of bct Fe grows on top of
the fct alloy.

The out of plane lattice constant given by EXAFS can be
corrected for the mean free path and thus be compared to
LEED data by averaging the EXAFS lattice constants over
the five top layers. Moreover, for tHéV) curve we have to
remember the strong influence of the Pd substrate which en-
hances the first values of th€V) values. In contrast to this,
EXAFS on the FeK edge gives exclusively the local envi-
ronment of the Fe atoms.

By averaging the EXAFS out-of-plane parameters over
the five top layers the lattice parameters are obtained for 4
ML Fe/Pd100: c¢=3.90+0.02A; for 6 ML Fe/Pd: ¢
=3.47A, and for the top of the 8 ML Fe/PID0): c
=3.04+0.02A. The top of the 40 ML film(bct) shows
(EXAFS parametejs a lattice constantc=2.82+0.03 A
close to fcc/Fe ong2.87 A). These values are all coherent
with the I (V) data.

If the EXAFS values and the coherent LEBDV) curves
(Fig. 2 are compared one observes that the origin of the
sudden and strong decrease of the out of plane parameter
after 5 ML is related to the structural transition occurring
after 4 ML Fe/Pd100) from a fct disordered alloy toward a
bct iron film.

The linear combinations of the EXAFS parameters as- F|G. 8. EXAFS spectra in grazing and normal incidence re-
suming a reduced mean free path of five atomic equivalendorded at 300 K at the iroK edge for 8 ML Fe/PELO0) (continu-
layers supposes that the growth mode of the bct Fe on top @lus ling compared with the linear combinatioiopen squares—
the fct FePd alloy is very smooth. The same condition willdotted lines of the experimental EXAFS spectra in the proportion
be mandatory for the linear combination of the magneticof 1/2 fct alloy (4 ML) and 1/2 bct iron40 ML).

8 ML Fe/Pd(100)
Linear combination -

o
K

Grazing Incidence

EXAFS Spectra (arb. units)

Normal Incidence

2 4 6 8 10 12 14
kA™Y
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TABLE Ill. Compared ratio of the magnetic moments ratio ob-
tained by MCXD M /Mg) (Ref. 24 and the simulated ratio by
linear combination of two reference values taken for the 3 ML
Fe/Pd100 and repectively for the 25 ML Fe/PtD0) situation rep-

« IPd/IPd, resenting the fct FePd alloy and respectively the bct thin Fe film
' growing on this surface alloy. The 40 ML film, compared to the
mean free path of the absorption experiment in MCB-17 A) is

considered as strongly relaxed compared to the 25 ML film and

equivalent Fe (ML)
0 4 8 12 16 20 24

1.0

08} exp(-1.41d/2)

° 06| cannot be considered in our linear combination at the near interface.
:°- ................................................................... 41.0
£ o4 _ Jos M_/Mg(MCXD+0.03) M, /Mg model
“r o IPd/IPd,,,, T3
fct 106 = Equiv. Fe/PdML)
ozl exp(-1.41(d-4n) {04 ¢ 2 0.230 0.225
=

& ; 402" 3 0.225 ref. fct alloy 0.225

0.0 L 1 . ;'-‘:’:’:i==::::;?::a:::;:::::::::::::: 0.0 5 0.200 0.200

0 100 200 300 400 10 0.160 0.150

time (min.)
25 0.100 ref. bct Fe 0.107
FIG. 9. Auger spectra versus tinfdS-T) curve of the Pglyn 40 0.050 0.050

(330 eV). Auger transition recorded during the growth of
Fe/Pd100 at room temperature. The growth rate was of 0.2
ML min L. The closed and open circles are the continuation of the—8% (MBE Fe;Pd;o) tetragonalization along the out of
same As-T curve. The open circlégght scalg represents the AS-T  plane[100] direction. Nevertheless the observed lattice dis-
curve for the growth of Fe on the interface formed at 4 ML. tortion for the surface alloy is opposite to the one observed in
the “bulk” coevaporated alloy. The stabilized phase of our
was estimated at 7.2 A. In order to simulate the Auger kinetsurface alloy(a=3.73A, c=3.90A) leads to the rati@/a
ics of the substrate signal at room temperature we suppose1.05 whereas the coevaporateddPet, showsc/a=0.98
that the growth of bct iron begins after 4 ML Fe(R@0.  for the disordered alloy and 0.94 for the ordetel)Fe;Pd,
Thus we simulate the growth of the fifth, sixth, etc. equiva-phase€®3! The main structural difference between the two
lent Fe layers on top of the previously defined alloy. In Fig.systems is that the surface alloy is favoring the out of plane
9 we have renormalized the Pd intensity to 1 at 4 light  extention whereas in bulk systems the compression of the fct
scalg and superposed to the experimental Auger data théattice is favored. Theoretical calculations which confirm the
simulated layer by layer growth taking strictly the same pa-different stable configurations will be published elsewHére.
rameterdmean free path, flux, layer thickness, gts done Stabilization of the tetragonalized 4B d;, surface alloy
for the overall growth. As it can be seen, the experimentaleads to a new understanding of the different magnetic prop-
points (open circleg stay very close to the layer by layer erties. The in-plane anisotrogynagneto-optical Kerr effect
simulation. This is a confirmation of the nearly layer by layermeasurementsand the large orbital moment of 0,42 for
growth of the bct Fe layers on top of the fct FePd alloy. Thisthe 3 ML films [measured on the Rs ; edge by MCXD
justifies the linear combination of the structural and magneti¢Ref. 24] can be directly related to the structure of the te-
parameters of the defined FePd alloy and the individuatragonal alloy. This will be supported by comparing the mag-

monolayers of bct Fe. netic orbital moments of the Fe/BdO) ultrathin films with
the MBE grown alloys.
V. DISCUSSION Considering magnetic anisotropy, the fct surface alloy ex-

hibits in-plane anisotropy as observed by Kerr and is coher-

From the photoemission spectra the interface can be urent with the defined structurédisordered FgPds, alloy
derstood as an averagedsffed, alloy up to 4 ML Fe/  shows in-plane anisotropy whereas only the perfect ordered
Pd(100). The SEXAFS data show that locally, the iron atomsL|, phase shows perpendicular magnetic anisoffbpy.
are embedded in the PIDO) surface and that the film can be  Quantitative orbital moments and orbital to spin rafo
described as a fct disordered alloy tetragonalized along thmeasured for the fct surface alloy Fe(fP@0) and for MBE
[100] direction, normal to the surface plane. The SEXAFScoevaporated EgPds, alloys show similarities. The different
experiment shows that the fct surface alloy is not homogetetragonalizatior(or ¢/a ratios in the FgyPds, alloys® can
neous in the local environment of Fe. The equiatomic FePde thought as proportional and characteristic for the orbital
layers are covered by almost one Pd enriched layer leading idoments: M| =0.22ug for —2% (c/a=0.98) and M,
a +4% out-of-plane tetragonalization. This is in agreement=0.42u, for —8% (c/a=0.94). The orbital moment mea-
with surface free energy considerations. sured for the 2 ML Fe/RdA00) surface alloy indead leeds to

Let us compare the structure of the Fe/RaD) thin films M, =0.52u5+0.06ug for a tetragonalization of-4% (c/a
with the MBE grown FeyPdso/MgO alloys® The diffusion  =1.04). The orbital moments of the different FePd alloys
mechanism in FePd, responsible for the microscopic strucare thus all in agreement with a tetragonalization dependence
ture of the surface alloy is very similar to the one responsibley the M, values. Also, for ultrathin films the effect of the
for the MBE coevaporated Egd/MgO(100)3°3* The  reduced dimentionality has to be considered. Surface magne-
two systems are defined by tetragonalized disordered phasgselastic contributions could nevertheless enhance the orbital
of the FeyPds alloy with +4% (surface alloy and —2 to moment as compared to the coevaporated “bulk” alloy.
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In this framework, we can explain the dependence of then the FgyPds, alloys and explain the decreasing valuedRof

orbital to spin ratioR with the Fe/Pd.00) film thickness in  as a function of thickness in our previous wéfk.
Ref. 24. The two step model describing the growth at(RT

FessPds5 alloy up to 4 ML followed by bct Fe layeysan be VI. SUMMARY

used to describe the evolution of the orbital magnetic mo-

ment. Hole numbers which are known to be sensitive to the We described the growth and the interface of Fe/RiD)
chemical environment and to the structure of the magneticiltrathin films grown at room temperature by core level pho-
films are involved in the previous determination of the or-toemission| (V) and EXAFS. The different techniques give
bital magnetic moments using the MCXD sum rufé3hus,  a coherent description of the diffusion occurring for the first
we will discuss the experimental values of the rab 4 ML Fe deposit. A structural transition occurs after 4 ML
=M,_ /Mg as extracted from the published MCXD dafdf where a fct FgPd,5 alloy structure is evidenced with a fur-
the ratioR is related to the superposition of the two struc- ther deposit of bct pure iron layers. A local description of the
tures (fct and bcy in the Fe/P@L00) films then it can be diffused interface has been proposed on the basis of the EX-
interpolated for the intermediate film thicknesses by the lin-AFS parameters. The strong decrease of the lattice parameter
ear combination of the valuR=0.225+0.03 measured for observed with thd (V) curves after 4 ML is clearly sup-
the surface alloy at 4 ML Fe/PH00 with R=0.10-0.03 ported by EXAFS and explained by the structural transition
measured for the tetragonalized bct iron at 25 ML Feffrom a fct alloy to bct Fe occurring at 4 ML Fe/Bd0). At
Pd100). Considering the MCXD related mean free path ofroom temperature, the Fe/@@0) interface can be described
A=17 A we consider that the ratiB and the magnetic mo- by a disordered RgPd,s alloy with a 4% lattice tetragonal-
ments of the nearly relaxed 40 ML film are different from the ization along the growth direction.

ones measured for the 25 ML film. In Table Ill, we compare Comparing the magnetic properties obtained by Kerr and
the measured values and the calculated r&eM, /Mg  MCXD for MBE coevaporated kgPds, “bulk” alloys and
considering two phaséfct alloy and bct Feand their values  the ultrathin Fe/PA.00) film leads to the conclusion that the
of R corrected for the mean free path 0£17 A. The very in-plane anisotropy and the large orbital moment measured
good agreement between the experimental and the linean the Fel, 3 for the 3 ML Fe/Pd100) film are directly
combination of the previously defined two phases is again @elated to the interface alloying and tetragonalized fct struc-
clear indication of the structure related orbital to spin r&io ture.
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