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The structure of Fe films thermally deposited on Cus001d was analyzed using surface x-ray diffraction in the
coverage range between 6 and 8 monolayers. Based on the analysis of crystal truncation rod data measured at
120 and 300 K, i.e., below and above transition temperatures reported for ferro- and antiferromagnetic order-
ing, no changes of the interlayer spacings larger than about ±0.015 Å are found. Within the Fe film these
correspond to fcc Fes1.78 Åd, while the top-layer spacing is expanded by 3–5 % in agreement with previous
low-energy electron diffraction studies. Lateral disorder of surface atoms as described by the Debye parameter
indicates displacements of the top-layer positions up to 0.23 Å corresponding to zigzag displacements ob-
served in thep2mg s231d superstructure. The inherent large penetration depth of the x rays also allowed the
study of the structure and composition of the buried Fe/Cu interface. The data indicate Fe-Cu intermixing,
where nearly 50% of a FesCud monolayer are exchanged. Four layers across the interface are significantly
affected. About 30% of the first FesCud and up to 15% of the second FesCud layer is alloyed by CusFed.
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I. INTRODUCTION

After more than one decade of intense experimental and
theoretical research the structure of Fe deposited on Cus001d
and its correlation to the magnetic properties becomes more
and more clear, although some details are still under dispute.
Based on experimental1–19 and theoretical studies,1–26 con-
sensus has been reached that for Fe films deposited by ther-
mal deposition on Cus001d at room temperaturesRTd three
different coverage regimes exist with distinctly different
structural and magnetic properties. These are commonly re-
ferred to as the ferromagneticsFMd regimesId up to about 4
monolayers sML d s1 MLª1.5331015 atoms/cm2d, where
the whole film is FM with a magnetization direction normal
to the film plane. Between about 5 and 10 ML regimesII d
follows, which is characterized by a FM “live layer” above
an antiferromagneticsAFd stack of layers, which is suggested
to adopt a Fe-fcc-like structure. The top layer spacing is
reported to show a significant expansion in the order of 5%
over the fcc Fe spacingsd=1.78 Åd.7–9,11,18At higher cover-
age, regimesIII d follows, which is characterized by FM bcc
Fe, where the easy magnetization axis is in plane in contrast
to the regimessId and sII d, where it is out of plane.

In the recent past, scanning tunneling microscopysSTMd
has significantly contributed to the detailed understanding of
the relation between structure and magnetism in
Fe/Cus001d.14,15,18,19It has been shown that in both regimes,
sId andsII d, the FM order of the whole film and the top layer
is related to the instability of the fcc structure against a
monoclinic shear deformation leading to a bcc-likes110d sur-
face layer. This structure is referred to as “nanomartensitic,”
since it bears close similarity to the fcc-bcc transition in bulk
Fe. While in regimesId the whole film is affected, only the
top layer is reported to exhibit the nanomartensistic structure
in regimesII d. In the context of a hard sphere atomic model,

the observed expansion of the interlayer spacings in regime
sId leading to the tetragonal expansionsfctd of the Fe film and
the top layer expansion in regimesII d are a natural conse-
quence of the lateral Fe displacements.

Dispute still exists about the detailed magnetic nature of
the film in regimesII d. In general, theory suggests collinear
spin structures, preferentially with a FM coupled bilayer at
the free surface.21,24–27 Especially in the case of an even
number of layerss4,6,8 MLd a bilayer AF structure was pro-
posed. And, most important for this structure analysis, a cor-
relation between the character of the interlayer couplingsFM
or AFd with the interlayer spacingsexpanded or contracted
by several percentd was inferred.21

At some variance with these models, temperature-
dependents75–300 Kd magneto-optic Kerr-effectsMOKEd
data collected in the coverage range between 6 and 9 ML
could only be interpreted by a spin density wavesSDWd.16 In
this model thetop three layersare always FM coupled, while
a SDW with a wave vectorq=s2pd3 s0,0,0.37d character-
izes the magnetic structure of the deeper layers.

With regard to the theoretically predicted correlation be-
tween interlayer couplingsFM vs AFd and interlayer relax-
ation sexpanded versus contractedd, one may expect that the
determination of the interlayer spacings helps to provide ad-
ditional information on the magnetic structure of thermally
deposited Fe/Cus001d. One result of this study is that de-
pending on temperaturesi.e., above and belowTC
<250–300 K for FM ordering andTN<200 K for AF order-
ing within the interior of the film17d we do not find obvious
evidence for any changes of the interlayer spacings larger
than our experimental accuracy of about 0.015 Å.

In general both experimental and theoretical results are
commonly discussed and interpreted in terms of an atomi-
cally flat and pure Fe film. On the other hand, STM and
ion-scattering experiments carried out after deposition of
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submonolayer amounts of Fe at room temperature3,5,27–30

have revealed that interface intermixing occurs in
Fe/Cus001d. A recent theoretical study for Fe/Cus001d by
Longo et al.31 supported the experimental observation of
submonolayer Fe inclusions,5,29 indicating that the exchange
barrier is reduced for Fe incorparation close to embedded Fe
islands.

It should be noted that interface mixing is not limited to
the Fe/Cu interface but has been found to be a general phe-
nomenon, which is observed in a number of systems,32–35

even when no bulk alloy phases are known.36 Theory also
indicates a considerable dependence of the magnetic proper-
ties on the interface structure and the degree of
intermixing.37,38 For Fe/Cu it has been found that interdiffu-
sion dramatically reduces the magnetic anisotropy energy
sMAEd of the interface layer, making its contribution almost
negligible if 30% of Cu is incorporated into the first Fe
layer.37 Recentab initio calculations by Stepanyuket al.39 on
magnetic 3d adatoms on Cus001d show that—although inter-
mixing is energetically favorable—magnetism tends to stabi-
lize the adatom position. From the experimental point of
view, different easy magnetization directions of thermally
depositedsTDd and pulsed laser depositedsPLDd Fe films on
Cus001d were explained by different interface structures in
these system.40 In contrast to TD films, where the easy axis is
out-of-plane up to about 10 ML, for PLD grown films an
in-plane easy axis is observed up to about 6 ML. Between 6
and about 8 ML an “inverse” spin reorientation from in-plane
to out-of-plane takes place.41–43The low-energy electron dif-
fraction sLEEDd analysis of a 4-ML-thick PLD-grown Fe
film40 indicates a “flat Cu-bulk-like iron interface layer”
while an enhanced surface buckling as compared to TD-
grown films is determined. These differences were explained,
albeit indirectly, in terms of an enhanced degree of interface
mixing in the PLD-grown film. However, direct analysis of
the alloy concentration was not possible, because of the lim-
ited sensitivity of the LEED intensities to the small differ-
ences between the scattering powers of Fe and Cu.

Thus, in spite of the importance of the intermixing prob-
lem for the growth, structure, and magnetic properties, little
is known on a quantitative basis. As an example, STM ex-
periments are only capable of probing the outermost exposed
layer, but do not provide information on the buried interface
after several adlayers were grown. LEED is basically able to
overcome this problem, but in addition with the compara-
tively difficult multiple scattering data analysis it probes the
near-surface region only due to the limited penetration depth
of the electrons. Consequently, its sensitivity to the deeper
layers decreases with increasing film thickness. Due to the
large x-ray penetration depth and the applicability of single
scattering theory, surface x-ray diffractionsSXRDd is a pow-
erful technique for the study of thicker films deposited on a
single crystal substrate. To this end we have carried out a
SXRD study on the structure of Fe films thermally deposited
on Cus001d at room temperature in the coverage regime be-
tween 6 and 8 ML.

II. EXPERIMENT

The experiments were carried out at the beamline ID3 of
the European Synchrotron Radiation FacilitysESRFd in

Grenoble using a six-circle ultrahigh-vacuum diffractometer
operated in the z-axis mode at a wavelength of 0.73 Å.43 The
Cus001d crystal was cleaned by standard methods of Ar-ion
bombardment and subsequent annealings800 Kd until Auger
electron spectroscopysAESd did not show any traces of re-
sidual contamination. Fe deposition on the Cus001d crystal at
300 K was carried out by evaporation from a thoroughly
degassed Fe rod heated by electron bombardment. The
amount of deposited Fe could be controlled with high accu-
racy by simultaneous monitoring of a reflection intensity
from the Cus001d crystal close to thesantiphased s100d posi-
tion ssee belowd.44

In total 7 SXRD data setssthree for 6 ML, two for 7 ML,
and two for 8 ML Fe coveraged were collected by measuring
the intensity distribution along integer-order crystal trunca-
tion rods45 sCTRd up to a maximum normal momentum
transfer ofqz/c* =3.2 reciprocal lattice unitssr.l.u.d, where
c* = s2p /3.616 Åd=1.738 Å−1 references the Cu lattice.

Integrated intensities were measured by rotating the
sample about its surface normal. In order to avoid systematic
errors due to even small sample misalignments, the x-ray
incidence angle was chosen to 2°, i.e., significantly above the
critical angle of total reflectionsac<0.15°d. The smoothness
of the Cu crystal and the high-brilliance x-ray beam allowed
the collection of reflection curves characterized by a peak
intensity of the order of 104 counts per second and a full
width at half maximum of 0.05° ats1 0 0.1d, i.e., close to the
antiphase scattering condition.

The structure refinement was carried out by weighted
least square fit to theuFobsu, allowing thez parameters and the
Debye parameterssB=8p2ku2l, with ku2l the mean square
displacementd for each Fe layer and for the first 7 Cu layers
from the interface to vary. For a 7-ML sample this adds up to
a total of 28 parameters plus an overall scale factor and 2
independent occupancy parameters characterizing the Fe
sCud concentration in the two CusFed layers next to the
interface if intermixing is taken into account. The ratio be-
tween the number of reflections and parameters is about 7,
which for SXRD studies is a reasonable value to develop
reliable structure models.

III. RESULTS

Figure 1 shows the time dependence of thes10 0.1d inten-
sity during Fe deposition. Pronounced oscillations are ob-
served, where each maximum corresponds to the filling of a
complete layer. These are labeled by the numbers. The miss-
ing first maximum indicates double layer growth during
deposition of the first two layers where interface mixing was
observed.5,29 The growth of subsequent layers proceeds in an
almost complete layer-by-layer mode. Since SXRD intensi-
ties can be analyzed by single-scattering theory it is possible
to quantitatively interpret the data displayed in Fig. 1.

For pseudomorphic growth thes100d-reflection intensity
is given byIs100d~ ufCu/2−ufFeu2, wherefCu and fFe are the
atomic scattering factors of Cu and Fe, respectively, andu
represents the Fe coverage expressed in ML. Since the scat-
tering factors of Cu and Fe differ by 20% onlyffCu<24,
fFe<20 for the s100d reflection46g, at half-filled layers
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su=0.5d the scattered intensity should be only a few percent
of the intensity scattered from the clean Cus001d surface.
Figure 1 shows that in the experiment this prediction is ap-
proximately fulfilled. Minima correspond to about 20% of
the initial intensity, while the maximum intensity at complete
layer filling su=1d is almost completely recovered. In this
experiment the evaporation was stopped after the seventh
maximum. Similarly, Fe films of 6 and 8 ML thickness were
prepared. Previous experiments using reflection high-energy
electron diffractionsRHEEDd and STM have shown that
atomically flat Fe films can be grown in this coverage re-
gime, which is a prerequisite for the conclusive analysis of
the magnetic properties.17

In Fig. 2 the CTR’s for 7-ML Fe/Cus001d measured at RT
are shown as a representative example for all data sets. Sym-
bols represent the structure factor amplitudessuFobsud ob-
tained from the integrated intensities after correcting for ap-
parative factors.47,48Standard deviationsssd of the uFu values
are derived from the counting statistics and the reproducibil-
ity of symmetry-equivalent reflections.49,50 In general, error
bars are about the size of the symbols in Fig. 2.

In total 364 reflections were collected, reduced to 213 by
symmetry equivalence. Based on 151 reflections, where
symmetry-equivalent reflections were measured, the average
agreement factor equals to 7.9%, which for SXRD studies is
a good value. Similar numbers also apply for the other data
sets. For the collection of each data set a completely new
preparation was carried out. The data discussed in the fol-
lowing were taken during two different experimental runs
using two different Cus001d specimens.

In all cases high-quality data fits could be achieved. The
calculateduFu’s as represented by the solid lines in Fig. 2
follow the measured ones very closely. All details of the fine
oscillations due to the interference of the different layers in
the film are correctly described, both in amplitude and phase.
The fit quality is quantified by the weighted and unweighted
residual,51,52 which is in the range of 4–7 %. The goodness-
of-fit sGOFd parameter51 is in the 0.8–1.2 range for all data
sets.

In order to check also the unambiguousness of the results,
different starting modelssusing different layer spacingsd
were used. These tests confirmed that the best fit could be
obtained only by one particular sequence of layer spacings
and B factors. Thus, we are confident that the results dis-
cussed in the following are unambiguous, which is supported
by the satisfying reproducibility of the refined structure pa-
rameters.

A. Layer relaxation and disorder

Figure 3 compares the interlayer spacingssdijd derived
from the fits to the data sets of the 6-MLsad, 7-ML sbd and
8-ML scd samples. Cu and Fe layers are numbered from 1,
corresponding to the deepest Cu layers=ninth layer from the
interfaced, up to 17, corresponding to the top Fe layer in the
case of the 8-ML sample. The Fe/Cu interface is located
between layer 9stop Cu layerd and 10 sfirst Fe layerd, as
shown in the schematic structure model on the right. The
corresponding interface distances are labeled by the arrows.
All data points representing the interlayer spacings are lo-
cated between the corresponding layer numbers. Top-layer
spacings are emphasized by the rectangles. Horizontal
dashed lines represent the layer spacings for fcc Cu
s1.808 Åd and fcc Fe s1.78 Åd. Data corresponding to
samples measured at 300 and 120 K are represented by
squares and circles, respectively. Two independent 120-K
data sets were measured for 6 ML, corresponding to the two
sets of circles shown in Fig. 3sad. Note that two RT data sets
were taken for the 7-ML film. Since the results closely coin-
cide only one is shown in Fig. 3sbd.

FIG. 1. Reflection intensity at thes10 0.1d position during depo-
sition of Fe on Cus001d at room temperature. Maxima correspond to
the filling of the layers as indicated by the numbers. The missing
first maximum indicates double layer growth at the beginning of the
deposition.

FIG. 2. sColor onlined Experimentalssymbolsd and calculated
slinesd structure factor amplitudes for 7-ML Fe/Cus001d measured
at room temperature.
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For the deepest Cu layerssnos. 1 and 2d the z positions
were kept fixed at the bulk value, while thez positions of all
other layers were allowed to vary. Due to symmetrysplane
groupp4mmd all x andy positions were kept fixed. For clar-
ity in each figure error bars derived from the variance-
covariance matrixsDz< ±0.025 Åd are included for one data
set only. In general, considering the overall scatter of the
sindependentd data sets, it seems that this value slightly over-
estimates the actual uncertainty of the distance determina-
tion, which is in the order of 0.015 Å. Several results can be
summarized as follows.

sid Within the Cu crystal the interlayer spacings corre-
spond to the bulk Cu-value to within ±0.015 Å. There is a
slight expansions<0.01 Åd of the top Cu-layer spacings
si.e., involving layers 6–9d, which appears most pronounced

for the 6- and 7-ML samples. This enhanced lattice spacing
is also observed at the Fe/Cu interfacessee arrowsd. Assum-
ing pseudomorphic growth of Fe on Cus001d one would ex-
pect a spacing at the interface of only 1.78 Å. Here we find
dCuuFe=1.82±0.02 Å, which might be correlated with an al-
loyed interface as discussed below.

sii d In the interior of the Fe film the interlayer spacings
correspond to within the experimental accuracy of about
±0.015 Å to that in fcc Fes1.78 Åd. The top-layer spacings
are expanded by up to 5%. For the 6- and 8-ML samples we
find 1.87±0.015 Å and 1.88±0.015 Ås+5%d, respectively,
while for the 7-ML sample we derive only 1.80 Ås+1%d.
There seems to be a correlation between the interlayer spac-
ings with the MOKE measurements of Qianet al.16 carried
out at 70 K. For 6 and 8 ML a maximum magnetic signal

FIG. 3. sColor onlined Interlayer spacings
given in Å for Fe/Cus001d covered by 6sad, 7 sbd
and 8scd ML Fe. Squaressredd and circlessblued
refer to samples measured at 300 and 120 K, re-
spectively. Arrows indicate the interlayer dis-
tances at the Fe/Cus001d interface. Top-layer
spacings are emphasized by the rectangles. A
schematic structure model is shown on the right.
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was found, while for 7 ML the magnetic signal has a mini-
mum. This behavior was explained using a model involving
a SDW rather than a collinear AF spin structure. Therefore
one could speculate that the top-layer spacings might be re-
lated to the magnetic structure, but in order to verify this
speculation further investigations are necessary.

All interlayer spacings of the deeper layers and the top-
layer expansions are—as far as comparable—in very good
agreement with those found in several LEED studies.7,9,19

For the top spacing, values between 1.83 and 1.89 Å were
determined and explained in terms of a hard-sphere model in
the context of the shear instability of the top-layer Fe struc-
ture. At a coverage of 6 ML, the top layer is reported to form
a p2mg s231d superstructure.7,9,53A more recent investiga-
tion also reports on ap4gm s232d superstructure,19 which is
closely related to thep2mg s231d superstructure in that the
zigzag displacements of the surface Fe atoms are running
along both lateral directions.

We did not find any evidence for the presence of half-
order reflections, most likely because the superstructures are
not sufficiently long-range ordered. It should be emphasized
that in spite of the insufficient long-range order local shifts
of the atomic positions can be analyzed by measuring the
CTR intensities, since these are sensitive to the local atomic
shifts relative to thes131d surface unit cell. The lateral
atomic shifts will be discussed below in terms of the Debye
parameter.

siii d Within an accuracy of 0.020 Å we have no evidence
for any temperature dependence of thedij . This is most evi-
dent from the 6-ML sample, while for the 8-ML sample the
two spacings,d14/15 and d15/16, appear to slightly expand
upon cooling, although the error bars derived from the cova-
riance matrix still overlap. We do not think that this result is
physically meaningful, since the overall scatter of the 8-ML
data is larger than that in the 6- and 7-ML data sets and the
fit quality for the 8-ML data is the worst of all, possibly due
to some contamination.

The temperatureindependenceof the lattice spacings is an
important result, since the low-temperature measurements
sT<120 Kd were carried out well below both the FM order-
ing temperaturesTC<250–300 Kd and the AFM ordering
temperaturesTN<200 Kd in this coverage regime.16,20Local
spin densitysLSDd calculations have predicted considerable
sup to 5%d expansion and contraction depending on whether
the layers are FM or AFM coupled, respectively.21,25 This is
commonly referred to as the “magnetovolume” effect. Thus
we have experimental evidence that if there is any depen-
dence of the layer spacings on the magnetic interlayer cou-
pling it is below about ±0.02 Ås±1%d.

sivd Structural disorder as expressed by the Debye param-
etersB was refined for each layer simultaneously. In the most
general case,B describes the displacement of the atoms out
of their average positions, which can be dynamicsthermal
vibrationsd or staticsaverage over an ensemble of displaced
atomsd in nature. In the isotropic case the mean square dis-
placement of an atom out of its average position,ku2l, is
related toB by the relationB=8p2ku2l.

Figure 4sad showssisotropicd layer-resolvedB’s for 7-ML
Fe/Cus001d measured at room temperature. Solid squares

and circles correspond to structure models involving an
abrupt and intermixed Fe/Cu interface, respectivelyssee be-
lowd. TheB factors for the deepest Cu layerssnos. 1 and 2d
were kept at bulk values close toB=0.6 Å2, equivalent to a
root mean squaresrmsd displacement ofÎku2l<0.09 Å.

Within the Cu crystal,B is slowly increasing in the direc-
tion towards the interface, but across the interface nos. 8–11
we find anomalously enhanceds8,9d and reduceds10,11d val-
ues. Allowing for interface alloying within the two Cu and
Fe layers at the interface removes the “anomaly,” and within
the error bars theBr factors are smooth across the interface
as represented by the solid circles. Interface alloying will be
discussed in more detail below. In the interior of the Fe film
the B factors also increase in the direction towards the sur-
face, although the absolute rms displacement amplitudes are
still in the range normally seen in thin films and surfaces. As
an example aB value of 1.3 Å2 for the second Fe layer from
the surfacesno. 15d corresponds toÎku2l<0.13 Å. These

FIG. 4. sColor onlined sad Layer dependent Debye parameter for
7-ML Fe/Cus001d at RT. Only theB factors for layers in the interior
of the film are shown. Squares and circles correspond to structure
models assuming an abrupt and intermixed Fe/Cu interface, respec-
tively. sbd Temperature-dependent Debye parameters of Fe layers in
6-ML Fe/Cus001d. Dark sredd and brightsblued symbols represent
300– and 120-K data, respectively. Circles correspond to isotropic
B’s. For the top layer, anisotropicB factors parallelsi, trianglesd and
perpendiculars', squaresd to the surface are shown.
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numbers can be tentatively attributed to dynamicsthermald
disorder, but a clear discrimination between dynamic and
static disorder is only possible by temperature-dependent
measurements. In contrast to all layers in the interior of the
film as discussed so far, for the top layerfnot included in Fig.
4sadg, extremely largeB’s in the 2.0–4.5-Å2 range, corre-
sponding toÎku2l<0.16–0.23 Å are observed. These can
hardly be attributed to thermal vibration amplitudes but must
rather be related to static disorder as discussed in the follow-
ing.

Temperature-dependent measurements were carried out
for 6-ML Fe/Cus001d, where also thep2mg s231d super-
structure is reported to be best ordered.9 One data set was
taken at 300 K and two at 120 K. The results are displayed
in Fig. 4sbd. Dark sredd and bluesbrightd symbols represent
room temperature and 120-K data, respectively. For all five
Fe layers in the interior of the filmslayers 10–14d isotropic
B’s were refinedscirclesd. The two low-temperature data
show very good reproducibility. The largerB’s for the
300-K sample prove that in the interior of the film thermal
vibrations are the dominant factor contributing to the disor-
der. An estimation of the temperature dependence ofB yields
a Debye temperature ofQD<80–100 K.

For the topmost Fe layer both largesup to 4–4.5 Å2d and
anisotropicB factors are observed. Therefore, the analysis
was carried out by using anisotropicB factors labeled byBi

strianglesd andB' ssquaresd for the parallel and the perpen-
dicular direction, respectively. Note that for the parallel com-
ponent a dramatic increase withdecreasingtemperature is
observed. This cannot be attributed to dynamic disorder but
must be related to static disorder due to lateral atomic shifts.
In contrast to the parallel component, the perpendicularB
component shows “normal” dynamic behavior.

The large parallel displacement amplitudes are directly
related to the lateral shifts of the surface Fe atoms out of the
hollow site positions, which have been identified previously
on the basis LEED and STM work15,18,53and were found to
be energetically favorable on the basis ofab initio LSD
calculations.25 For instance, Heinzet al.53 find in their LEED
analysis of thep2mg s231d phase observed at 6 ML an
antiparallel 0.2 Å lateral shiftssDd of the top-layer atoms out
of their fcc hollow site positions. This is in good agreement
with our resultssÎku2l<0.16–0.23 Åd. Later investigations
by Tschielessniget al.18 derived values betweensD=0.10 and
0.14 Å andsD=0.06 and 0.08 Å for thep4gm and p2mg
structures, respectively. Our temperature-dependent data
fFig. 4sbdg indicate structural ordering when the sample is
cooled from room temperature to 120 K.

Finally, we point out that thesD’s are considerably smaller
than observed in STM images for the nanomartensite
structure14 and theoretically predicted.25 The superstructures
fp2mg s231d and thep4gm s232dg are closely related to
the n=2 versions of the nanomartensitics13nd superstruc-
tures observed at lower coverage. In the nanomartenite
needles the shift of adjacent Fe atoms is about 0.6 Å, but in
the coverage regime above 4 ML the surface fraction of this
structure is at most 10%;19 therefore the analysis of the scat-
tering data is dominated bysD related to thes132d for
s232dg reconstruction.

B. Interface alloying

Interface alloying induces a change of the scattering
power of the layers. Since FesCud alloying of Cu sFed cor-
responds to decreasesincreased of the scattering power, this
is reflected by an artificially increasedsdecreasedd B factor as
shown in Fig. 4sad if the interface is assumed to be abrupt. In
contrast, the positional parameters are not affected within 5
310−3 Å by including intermixing into the structure model.

Apart from removing theB factor anomaly at the inter-
face, the agreement parameters51 are improved if interface
intermixing is included in the structure model. As an ex-
ample, Fig. 5sad shows for a 7-ML sample the weighted re-
siduum sRwd versusu1 and u2, the Cu concentration in the
first and second Fe layer, respectively.Rw is shown in a color
code, where darksblued and brightsyellowd regimes corre-
spond to low and highRw as shown on the right. Simulta-
neously, the Fe concentration in the Cu layers was also var-
ied in order to preserve the mass balance across the interface.
Structure refinement on the basis of the abrupt interface
model fu1=0, u2=0, lower left corner in Fig. 5sadg yields
Rw=0.087, while the best fit atu1=29%, u2=20% corre-
sponds toRw=0.074, which represents an improvement by
about 18%. The GOF parameter drops from 1.38 to 1.20. A
similar behavior is also observed for the other 6 data sets.
Here theRw’s improve by 10% to 19%. Finally, it should be

FIG. 5. sColor onlined sad Weighted residuum for 7-ML
Fe/Cus001d versus Cu concentration in the firstsu1d and second
su2d Fe layer.Rw is represented by a color code as shown on the
right. Blue sdarkd and yellowsbrightd correspond to low and high
Rw. sbd Schematic view of the concentration profile across the
Fe/Cu interface. The average over the results from all data is
shown. Bright and dark bars represent the Cu and Fe concentration,
respectively. At layer 9 the error bar for the concentration is
indicated.
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added that the unweighted residuumsRud, which does not
include a statistical analysis, behaves in the same way.

In order to check the statistical significance of the im-
proved fit quality we have carried out theR-factor ratio test,
which was introduced by Hamilton.52 This procedure is es-
pecially important here since the intermixing model involves
two additional independent parameters. The test clearly indi-
cates that the improvement of theR factor is significant with
a probability of more than 99.5%. Thus, we conclude that the
SXRD data provide evidence for interface alloying, which
significantly affects four layers next to the interfacestwo Cu
and two Fe layersd.

For u1 andu2 we find values in the 22–35 % and 7–22 %
range, respectively. Figure 5sbd shows the concentration pro-
file across the interface representing the average results de-
rived from all seven data sets. The bars represent the Cu
sbrightd and Fesdarkd concentration versus layer number. As
in Figs. 3 and 4 thesideald Fe/Cu interface is between layers
9 sCud and 10sFed. The error bars of the concentration de-
termination are in the 5–10 % range as indicated for layer 9.
In two cases some intermixing extending up to the third layer
from the interface is found, but in these layers the alloy
concentration never exceeds a few percent. In total, nearly
half a ML of Fe is exchanged with Cu across the interface
and vice versa.

Our results are of importance for state of the art calcula-
tions concerning the magnetic structure of Fe films deposited
on Cus001d. Despite its potential to be a decisive factor for
the film magnetism, in general interface alloying has not
been considered in detail, although some studies were carried
out. These have indicated the impact of intermixing on key
properties such as magnetic moments, magnetic anisotropy
energy, and magnetic coupling strength.26,37,39,54–56

No detailed information on the lateral structural correla-
tions within the alloyed layers can be given, since only the
s131d CTR’s were probed in the SXRD experiments. Ex-
periment and theory support a model of Fe patches embed-
ded in the Cu surface,5,29,31 but the activation energy for
interdiffusionf1.45 eVsRef. 56d, 0.78 eVsRef. 31dg imposes

a kinetic barrier, which prevents substantial alloying, at least
at low temperatures.

IV. SUMMARY

In summary, we have carried out an extensive SXRD
study of the structure of Fe thermally deposited at RT on
Cus001d in the coverage range between 6 and 8 ML. Based
on seven independent data sets, interlayer distances, struc-
tural disorder as modeled by the Debye parameter, and inter-
face alloying were analyzed in detail. The reproducibility of
the interlayer distance determination was found to lie in the
±0.015-Å range. The inherent large x-ray penetration depth
allows the analysis of deeper lying layers and the Fe/Cu
interface with no loss of sensitivity. Measurements carried
out at 120 and 300 K did not indicate detectable changes of
the layer spacings. Since these temperatures are well below
and above reported temperatures for FMs<250–300 Kd and
AFM s<200 Kd ordering, the correlation of the magnetic
ordering with layer spacing is—if present—below our ex-
perimental accuracy of 0.015 Å. Analysis of structural disor-
der indicates substantial lateral disorder for the top Fe layer,
which is explained in terms of the zigzag shear displace-
ments of the Fe atoms present in superstructuresfp2mg s2
31d and p4gm s232dg, consistent with previous LEED
studies. The high accuracy and sensitivity of the SXRD data
allowed the analysis of the interface structure, where inter-
face alloying was determined. Intermixing was found for
four layersstwo Fe and two Cud adjacent to the interface. We
find that up to about 30% and 15% of the first and second Fe
sCud layer is alloyed by CusFed, respectively. This analysis
is important for theoretical studies of the magnetic ground
state of the Fe film in this coverage regime as intermixing is
known to modify the magnetic properties.
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