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Surface x-ray structure analysis of periodic misfit dislocations in FeÕW„110…
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We have carried out a surface x-ray diffraction analysis of the geometric structure of a 13-monolayer-thick
Fe film on W~110!. The Fe adlayer is characterized by a well-ordered two-dimensional array of misfit dislo-

cations that have a periodicity of 35.84 and 50.76 Å along the@001# and@ 1̄10# directions, respectively. In the
~110! plane the average Fe structure is isotropically strained by11.2% with respect to~bulk! bcc Fe, corre-

sponding to lattice constants of 2.901 Å along@001# and 4.103 Å along@ 1̄10#. In the surface normal direction
~@110#! we find that the Fe film is also strained by10.22% (c54.062 Å). This corresponds to a slightly
laterally distorted bct phase witha5b52.887 Å, c52.901 Å, andg589.4°. The intensity distribution along
14 satellite rods was analyzed quantitatively using a sine-wave modulation ansatz for the lateral and vertical
displacements of the Fe atoms out of their average positions. We find maximum amplitudes in the order of
about 0.7 Å for the normal and lateral modulations, respectively. The modulation amplitudes continuously
decrease with distance from the Fe/W~110! interface. The adlayer/substrate registry is characterized by a 37/34
coincidence between the Fe- the W atoms, where the vertical Fe corrugation is directly related to the Fe-
adsorption site. The implications of the unexpected strain state of the film for its mechanical stress and
magnetic anisotropy are discussed.

DOI: 10.1103/PhysRevB.68.155421 PACS number~s!: 61.10.2i, 68.35.Ct
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I. INTRODUCTION

Owing to its prototype character for the study of stru
tural, mechanic, and magnetic properties, the Fe/W~110! in-
terface is one of the most intensely investigated interface
surface science.1–21 Since the magnetic properties are in
mately related to the geometric structure, the investigation
the interface structure as well as the structure within the fi
remains a primary aim for research. However, quantita
structure analyses are quite rare. Almost 20 years ago G
mann and Waller1 investigated the growth of Fe/W~110! us-
ing low-energy electron diffraction~LEED! and Auger-
electron spectroscopy~AES!. Since that time it is generally
accepted that the first Fe monolayer~ML ! grows pseudomor-
phically on W~110! (1 ML51.4131015 atoms per cm2!. The
formation of misfit dislocations begins at higher covera
The misfit dislocations form a well-ordered two-dimension
lattice, which gives rise to a two-dimensional multiplet
satellite reflections. As an example, Fig. 1~a! shows the
LEED image of a 3-ML-thick Fe film. The satellite spots a
arranged in diamond-shaped groups around the integer-o
reflections of the W~110! substrate. The corresponding sca
ning tunneling microscopy~STM! image is shown in Fig.
1~b!. The different layers~labeled by 2, 3, 4! are represented
by the different gray scale. The regularly arranged distort
lines are identified by the vertical corrugation contrast, wh
is most prominently observed in layer 4.

In later investigations by Bethgeet al.,9 Jensen and
co-workers,10 and Sanderet al.,16,19 the two-dimensional
misfit dislocation network was directly identified by STM
and—more indirectly—by a kink in the stress curve me
sured by the optical bending method. The kink in the str
curve is already observed at about 1.2 ML, however,
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long-range ordered dislocation network has been obse
only at coverages larger than about 2 ML. In general, mi
dislocations are generated in order to relieve the strain
duced in the growing adlayer, which has a different bu
lattice constant than the substrate. The first theory based
model that treats the adlayer as an elastic continuum, to
knowledge, was developed by Frank and van der Merve.22,23

For a review of theoretical work on misfit dislocations w
refer to Ref. 24. Since the Fe/W~110! interface represents
system with a large misfit of 9.4% (aFe52.866 Å,aW
53.165 Å), misfit dislocations are formed at low adlay
thickness ~'1.2 ML!. The study of Sander, Enders, an
Kirscher19 has revealed that the formation of misfit disloc
tions reduces the film stress from more than 40 GPa in
first layer to almost zero in the second and third layers.20

However, with regard to the atomic structure of the m
fitted adlayer so far only semiquantitative analyses were
ried out. In the LEED analysis of Gradmann and Walle1

kinematic scattering theory was applied to interpret so
satellite intensities. Using a first-order sinusoidal modulat
wave ansatz for the in-plane displacements, the authors
rived a modulation amplitude of about 0.9 Å along the~in-
plane! @ 1̄11# direction for a 4-ML-thick film. A detailed
layer-dependent analysis of the distortion pattern was
carried out. STM investigations were also not able to d
velop a full three-dimensional atomic picture of the misfitt
Fe adlayer.9,10,16,19 However, they provided information
on the morphology by ascribing the observed STM contr
to the vertical corrugation. The dislocation network cou
be observed up to 11 ML, which was the maximum thic
ness investigated in this study. The vertical corrugation a
plitude was found to decrease from about 0.7 Å at 4 ML
0.3 Å at 8 ML.10
©2003 The American Physical Society21-1
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R. POPESCUet al. PHYSICAL REVIEW B 68, 155421 ~2003!
In this paper we present a quantitative surface x-ray
fraction ~SXRD! analysis of the misfit dislocation networ
for a nominally 13-ML-thick Fe film. First, from the posi
tions of the zeroth order satellite reflections, the average
plane lattice constants of the Fe adlayer are determine
2.90160.005 and 4.10360.005 Å, indicating the presenc
of an isotropic lateral strain («0015« 1̄10511.2%) with re-
spect to bulk body-centered cubic~bcc! Fe. The strain is also
positive for the out-of-plane direction@110#, where we find
«110510.22% ~4.062 Å!, indicating that the Fe adlayer can
not be simply considered as strained bcc Fe. The unit
size of the modulated structure along both in-plane directi
is larger by a factor 11.3360.01 than the respective lattic
constants of the W~110! surface, 50.76 Å~versus 4.476 Å for
W! along @ 1̄10# and 35.84 Å~versus 3.165 Å for W! along
@001#. The noninteger ratio 11.3360.01 indicates an incom
mensurate Fe superstructure. While the lattice paramete
the modulated Fe structure and the W substrate are not g
by a ratio of integers, the&:1 ratio between the in-plan
lattice constants is preserved in the film as expected fo
~110! bcc film.

FIG. 1. ~a! LEED pattern of a 3-ML-thick Fe film on W~110!.
The two-dimensional satellite reflection multipletts are arranged
diamond shaped areas around the W~110! main reflections. The
electron energy is about 100 eV.~b! Corresponding STM image
(1003100 nm2). The different levels~second, third, and fourth ML
as indicated by the labels! are represented by the different contra
The two-dimensional distortion network is observable at the th
and fourth level.
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A three-dimensional atomic structure model based on
quantitative interpretation of the intensity distribution alo
14 symmetrically independent satellite rods is developed.
find that the normal corrugation decreases from about 1.
for the Fe layers next to the W~110! surface to about 0.3 Å
for the outermost Fe layer. The in-plane modulations
crease from 0.7 Å in the second layer to 0.3 Å.

This paper is organized as follows: Section II briefly ou
lines the most important experimental details and Sec.
discusses the structure analysis as far as the lattice geom
is concerned. Sections IV and V deal with the quantitat
intensity analysis and the discussion of a structure mo
The impact of the peculiar film strain on film stress a
magnetic anisotropy are discussed in Sec. VI.

II. EXPERIMENTAL ASPECTS

The experiments were carried out at beam line ID3 of
European Synchrotron Facility~ESRF! in Grenoble using a
six-circle ultrahigh-vacuum diffractometer operated in t
z-axis mode25 at a wavelength of 0.73 Å. The W~110! surface
was cleaned by heating the sample several times at 150
in 1026 mbar oxygen partial pressure for 30 s. After a fin
flash at 2000 °C for 10 s the C contamination of the surfa
is lower than 1% of a ML as determined by AES. The thic
ness calibration was carried out using a quartz oscillator
by observing the SXRD intensity oscillations of the~001!
crystal truncation rod~CTR! reflection.26,27 Since the latter
are observed up to a coverage of about 2 ML due to the o
of island growth, the thickness calibration for thicker laye
~.5 ML! is less accurate. Here we rely on a constant de
sition rate, as checked during deposition by monitoring
Fe ion flux, and the constancy of the calibration paramet
In total 13 Fe layers were depositedin situ by electron-beam
evaporation from a high-purity rod. In this context it must
emphasized that this coverage is derived from the pre
SXRD analysis, which only yields the number of laye
which contribute to the modulated structure. Our previo
SXRD analysis in the low-coverage regime26 as well as from
the Mössbauer analysis4 of thicker films ~up to about 11.5
ML ! have indicated the presence of about two pseudom
phic layers next to the W~110! surface. Since they do no
contribute to the satellite intensities they are not conside
in the present analysis.

The sample was slightly annealed after deposition in or
to optimize the structure quality as measured by the p
intensity and the full width at half maximum~FWHM! of the
first-order Fe reflection, which is related to the average
structure~see below!. It increased by nearly 100% upon an
nealing. However, the transverse FWHM decreased o
from 0.8° to 0.6°~corresponding toDqi54.431023 Å 21,
omitting the factor 2p!, which translates into a domain siz
of about 23 nm. We conclude that the annealing process d
not primarily increase the average island size, but rat
leads to an ordering of a substantial amount of Fe, which w
not in registry with the deposited Fe film before annealin

Figure 2~a! gives an overview of the~hk! plane of recip-
rocal space of the Fe-covered W~110! surface. The inset in
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SURFACE X-RAY STRUCTURE ANALYSIS OF . . . PHYSICAL REVIEW B 68, 155421 ~2003!
the upper left shows the atomic arrangement of the W~110!
surface. The dashed rectangle indicates the~centered! surface
unit cell. The lattice directions are related to the bulk sett
of ~bcc! W. The reciprocal-lattice vectors are chosen so t
the a* andb* axes are parallel to@ 1̄10# and @001#, respec-
tively. In the sketch of the reciprocal space, the large squ
represent the integer-order CTR’s of the W~110! substrate,
which are indexed according to the face centered~fc! setting
of the W unit cell. The circles are the non-zero-order satel
reflections related to the modulation of the Fe layer. T
diamonds represent the zero-order satellites related to
average Fe-film structure. Owing to the lack of translat
periodicity along the surface normal, all reflections are
tended to rods along the normal direction,@110#, qz5 lc* ,
with c* 51/(4.476 Å)50.223 Å21. Consequently, the re
flection index~l! is a continuous parameter.27 Indexing of the

FIG. 2. ~a! Schematic view of the W~110! surface~upper left!
and the reciprocal lattice of the Fe/W~001! film in the a* -b* plane.
The large squares represent the W CTR’s. The Fe satellite re
tions are represented by circles and diamonds, the latter repr
the zero-order satellites related to the average film structure. O
symbols indicate reflections used for the analysis. In the left par
the figure some distances are given.~b! Intensity profile along the
@hh0# direction in reciprocal space measured atqz51.10 r.l.u. @see
arrow in ~a!#. The Fe satellite reflections are indexed above
peaks; theh coordinate within the W coordinate system is giv
below the reflections.
15542
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satellite reflections can be done in two different ways. Fi
all reflections can be related to the W-substrate lattice. Th
convenient in order to directly analyze the lattice metric
the Fe film with respect to the W substrate~see Sec. III!. On
the other hand, for the analysis of the satellite reflection
tensities~Sec. IV! the spots are labeled by using the fiv
character symbol~hkl,mn!. The indexhkl labels the main
reflection next to the satellite indexed bymn. The condition
m5n50 refers to the zero-order satellite. In Fig. 2~a! some
satellites are indexed in this way, where the third coordin
l has been omitted for clarity.

Integrated x-ray reflection intensities were collected
transverse scans up to a maximum normal momentum tr
fer of l 5qz /c* 52.25 reciprocal lattice units~r.l.u.!. The
transverse width of the reflections is given by the sam
domain size~'23 nm, see above!, while the out-of-plane
resolution is determined by the setting of the detector slits
the present experiments it is approximately 4.731023 Å 21

corresponding to 0.02 r.l.u. alongc* . Only the intensities of
those reflections labeled by an open symbol in Fig. 2~a! were
taken into account for the structure analysis. System
scans in the vicinity of the main reflections showed that
intensity was observed for those reflections, fulfilling t
condition m1n52m11 ~m integer!, indicating a centered
supercell lattice symmetry. Other~symmetry-allowed! reflec-
tions with m1n52m, but more distant from the main re
flections, were found to be too weak to be measured in g
eral. In total 222 reflections were measured and subseque
reduced to 188 by symmetry equivalence. The structure
tor amplitudesuF(hkl,mn)u were obtained after correctin
the intensities for effective sample area, Lorentz factor, a
polarization factor.28 The standard deviations~s! of the uFu
values were derived from the reproducibility of symmetr
equivalent reflections and the counting statistics.29,30 In gen-
eral, they are in the 10–20 % range, which—considering
large fraction of weak reflections—is a reasonable value

III. GEOMETRIC ANALYSIS

The geometric parameters of the modulated struct
were derived as the first step of the analysis. The position
the satellite reflections could be determined with very h
accuracy from the positions of the (131) W CTR’s, which
serve as an internal reference. Figure 2~b! shows on a loga-
rithmic scale the intensity measured along the@hh0# direc-
tion in reciprocal space. The normal momentum transfer w
kept constant atqz51.10 r.l.u. In Fig. 2~a! the scan direction
is shown by the dotted arrow starting from the (11,33) sat-
ellite and ending at the~11,22! satellite. The scan also
crosses the W-crystal truncation rod~11! and the zero-order
satellite,~11,00!, of the modulated structure. The coordinat
(h,k5h) of the reflections related to the W-coordinate fram
are listed below the peaks.

From the position (h5k51.09160.002) of the zero-
order satellite, the in-plane lattice constants of the~average!
Fe adlayer are directly derived to 4.10360.005 Å along

@ 1̄10# and 2.90160.005 Å along@001#, respectively. Com-
pared with the respective values of bulk bcc Fe~4.053 and
2.866 Å! this indicates an in-plane strain of11.22% along
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R. POPESCUet al. PHYSICAL REVIEW B 68, 155421 ~2003!
both in-plane directions. The magnitude of the strain d
not depend on whether the film was annealed after depos
or not. During the course of the experiments we determi
the same strain values also for a nominally 5-ML-thick lay

The vertical lattice metric is derived from the intensi
distribution along the surface normal. Figure 3 shows o
logarithmic scale the intensity distribution of the~11,00!
zero-order satellite alongqz . The dashed lines atl 51 and
l 53 r.l.u. mark the positions of the W-bulk reflections alo
the neighboring (11l ) CTR. These satisfy the reflection con
dition ~h,k,l! all even or odd according to the face-center
~fc! setting of the W unit cell. Due to the strong W-bu
reflection at~113! there is some distortion of the measur
satellite intensity aroundl 53 since the W(11l ) CTR is close
to the satellite rod (1.091,1.091,l ) within the W coordinate
frame. However, for the geometric analysis of the structu
this is not relevant. Important results are directly deriv
from an inspection of the intensity distribution of Fig. 3.

The Fe-surface structure adopts the substrate lattice t
i.e., the Fe film grows with its~110! face on the W~110!
surface. The ‘‘Bragg’’ peaks along the (11l ,00) satellite rod
located atl 51.102 and 3.306 r.l.u. correspond to the refle
tion condition for a fc lattice in analogy to the W(11l ) CTR
and translate to a lattice constant of 4.062 Å~54.476
Å/1.102!. Again, the comparison with bulk Fe~4.053 Å! in-
dicates anexpansionof the average Fe structure by 0.22
along the film normal@110#. Using the bulk Fe elastic
constants31 one would expect a20.82% contraction as a
consequence of the 1.22% in-plane expansion. Thus, th
film under investigation is not simply strained bcc Fe b
resembles an enlarged atomic volume. An in-plane strain
11.22% and a contraction of20.82 would result in a rela-
tive volume change ofDV/V5«111«221«3351.2211.22
20.8251.62%, while our analysis yieldsDV/V5«111«22
1«3351.2211.2210.2252.66%.

In order to clarify the metric in more detail, Fig. 4 sch
matically shows the lattice parameters of the average

FIG. 3. Scan alongqz of the zero-order satellite reflection of th
Fe layer located at~1.091, 1.091! within the W coordinate frame
~see also Fig. 2!. The dashed lines atl 51 and 3 indicate the bulk W
reflection positions along the neighboring (11l ) W CTR. Between
the Fe main reflections atl 51.102 and 3.306 r.l.u., there are 11 si
maxima, indicating an Fe thickness of 13 layers.
15542
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structure in the projection along@001#. The dashed squar
represents the theoretical case of a cubic unit cell witha
5b5c52.901 Å. Note thatc52.901 Å is the lattice param
eter determined along the@001# direction. The square serve
as a guide for the eye to better clarify the lattice distortio
The solid rhombus represents the unit cell according to
SXRD measurements. The lengths 2.0310 and 2.0515 Å
given by the measured lattice constants along@110# and

@ 1̄10#, respectively. Note that the two corners of the rho
bus pointing alonĝ 1̄10& coincide with the dashed squar
since along both the@ 1̄10# and the@001# directions the lat-
tice strain is11.22%. Using the measured lattice paramete
the edges of the rhombus are 2.88760.004 Å ~bulk bcc Fe,
2.866 Å!, while the angleg is derived as 89.460.1°. Note
that the distortion characterized by the anglegÞ90° is a
very tiny effect and that the drawing grossly exaggerates
real situation. In summary, the unit cell of the average F
film structure can be viewed as a slightly laterally distort
volume expanded bct phase, which has no direct relatio
other ~metastable! lattice such as fcc or hexagonal clos
packed~hcp!.32

Information on the film thickness~d! is derived from the
FWHM of the first Bragg peak, which is 0.17 r.l.u
50.038 Å21 ~see Fig. 3!. Using the relation d
51/(0.038 Å21) we find d526.3 Å. This corresponds ex
actly to 13 layers of 2.02 Å thickness, which is close to t
average layer thickness of 2.031 Å~54.062/2 Å! as derived
above. A further confirmation of the layer thickness com
from the observation ofM511 well-defined side maxima
~corresponding toM12513 layers33! between the two main
maxima. In Fig. 3 the side maxima are indicated by the
rows and numbered fromM51 to M511.

So far we have discussed the average structure of th
film. The metric of the modulated~super-! structure is de-

FIG. 4. Sketch visualizing the distortion~grossly exaggerated!
of the average Fe-film lattice metric projected along@001#. The
dashed square represents the cubic case witha52.091 Å, the lat-
tice constant of the film along@001#. The solid rhombus is the
unit-cell shape of the average structure in the@100#-@010# plane.
Lattice parameters and expansions~in percent relative to bcc Fe! are
indicated.
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SURFACE X-RAY STRUCTURE ANALYSIS OF . . . PHYSICAL REVIEW B 68, 155421 ~2003!
rived from the spacing between the satellite spots@see left
part of Fig. 2~a! where the distances are given#. Along @ 1̄10#
and @001# these are determined to beDq@ 1̄10#50.0197
60.0003 Å21 and Dq@001#50.027960.0002 Å21, respec-
tively. Accordingly, the modulation periodicity~MP! is aMP

550.7660.50 Å along @ 1̄10# and bMP535.8460.50 Å
along@001#. The relationship between the W~110! lattice and
the modulated film is expressed by the ratiop5aMP/aW
5bMP/bW511.3360.01. This value indicates that th
modulated supercell is incommensurate with the W~110! unit
cell. However, the&:1 ratio between the W lattice param
eters along@ 1̄10# and@001# ~4.476 and 3.165 Å! is preserved
in the adlayer and reflects the intimate relation between
Fe film and the substrate.

We conclude that the Fe film is characterized by a w
ordered and homogeneous structure with no signific
~depth-dependent! disorder. The average lattice constant
the film is larger than that in bulk Fe, and it is given by
isotropic in-plane strain of11.22% and an out-of-plane
strain of10.22%.

IV. INTENSITY ANALYSIS

In order to refine the analysis and to develop a thr
dimensional structure model for the modulated Fe-film str
ture the intensity distribution along the satellite rods w
analyzed quantitatively. The structure factor amplitudesuFu,
of seven out of 14 satellite rods together with their stand
deviationss are shown in Figs. 5~a!–5~g! as solid symbols.
The rods are labeled according to the convention discus
in Sec. II. Note the huge intensity~I! variation within the
data set, which is of the order of 103 between the stronges
and the weakest reflections (I}uFu2). The solid lines corre-
spond to the best fit to the data as will be discussed in
following.

The analysis is based on describing the structure in te
of modulation waves. Then-th atom in the modulated struc
ture, which is located atr n , is shifted byun out of its aver-
age positionr n

0 according to the relationr n5r n
01un . In this

approach, the average structure is modeled using the
stacking of the Fe layers. Within the unit cell~see the mode
in Fig. 2! the symmetry independent W atoms are at~0,0,0!

and (1
2 ,0,12 ). Note that there are two atoms per unit cell

each layer (n52); only one of them is independent due
the centering of the unit cell~plane groupcmm2). The shift
of the Fe atoms out of their average positions can be
scribed by using a harmonic modulation function, which
the most general case is given by34

un5(
i

Un
s~ i !sin@2pQi~n1gn!#

1(
i

Un
c~ i !cos@2pQi~n1gn!#. ~1!

In Eq. ~1! theUn’s andQi ’s represent the amplitudes an
the modulation vectors of the sine~s! and cosine~c! displace-
ment waves, respectively. The parametersgn are the phases
15542
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of the atoms~n! within the unit cell andn ~integer! represents
a lattice translation. For the analysis we have chosen
~orthogonal! in-plane modulation basis vectors:q1
5(0.0809,0.0) andq25(0.0,0.0809). The choice is based o
the minimum spacing between the satellite reflections, wh
is 0.0882 r.l.u. along both in-plane directions within the
coordinate frame~see Fig. 2!, which is equivalent to 0.0809
r.l.u. within the Fe coordinate frame. Higher-order modu
tion vectors can be taken into account by linear combinati
of qi according toQi5S ja i j qj , with a i j integer. The struc-
ture refinement was carried out by using a limited set
modulation waves using the componentsa i j 5(2,0), ~0,2!,
~4,0!, ~0,4!, ~1,1!, ~2,2!, ~3,1!, and~1,3! and their symmetri-
cally equivalent components corresponding to thepmm2
point-group symmetry. This set corresponds to 20 modu
tion waves (Qi) in total. Symmetry restrictions according t
the five-dimensional space group 851 labeled
cmm2(q00,0p0)mm0 in Ref. 35 are implemented in th
refinement programJANA 2000,36 which was used throughou
the analysis. Thecmm2 symmetry of the supercell is con
firmed by the extinction of those satellites with the conditi
m1n52m11 as discussed in Sec. II.

FIG. 5. ~a!–~g! Measured~symbols! and calculated~lines! struc-
ture factor amplitudes for seven of 14 satellite reflections alongqz .
The rods are indicated according to Fig. 2.~h! Plot of uFobsu vs
uFcalcu for all 188 reflections. The data are closely aligned along
diagonal corresponding to the conditionuFobsu5uFcalcu.
1-5
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R. POPESCUet al. PHYSICAL REVIEW B 68, 155421 ~2003!
Despite the convenient approach to describe the struc
in terms of modulation waves, the number of variables is
large in relation to the number of observed reflections.
detail, for each of the 13 layers there is one~positional! z
parameter and 12 lateral and 6 vertical modulation am
tudes. Together with one overall scale factor this adds u
in total 19313115248 free parameters to refine, whic
even exceeds the number of reflections~188!. In order to
simplify the analysis, a modulation amplitude profile with
the film is constructed assuming a simple functional relati
ship of the~total! modulation amplitudesu(N) @see Eq.~1!;
dropping the indexn# of the layers. For example both
experiment9 and theory23 proposed that the modulation am
plitude in the film decreases with increasing distance fr
the interface. Treating the film as an elastic continuum,
der Merve found an exponential decrease of the distorti
with increasing film thickness. This can be described by
z-dependent modulation,u(z)5u0 exp(22pz/p), where p
and z represent the modulation periodicity and the distan
of the layer from the interface, respectively. The parame
u0 corresponds to the maximum modulation, which affe
the first layer next to the substrate~or the pseudomorphic
layers in the present case!. The theory—although originally
developed for the case of a one-dimensionally misfit
adlayer—is also applicable for distortions in tw
dimensional epitaxial layers, provided that the films grow
a layer-by-layer mode and the two-dimensional symmet
of substrate and film are identical. To first order both prer
uisites are fulfilled in the present case; however, it might
questionable whether the film can be considered as an el
continuum at this coverage.

Starting with this idea we fitted the intensity data by usi
u0 andp as fit parameters, while the distancez of the layer
from the substrate~including the pseudomorphic layers! is
given by z5Nd̄, where d̄52.031 Å is the average laye
spacing within the Fe film andN the number of the Fe layers
However, this approach did not immediately lead to ve
satisfying results. Therefore in a second step an improvem
of the fits was tried by allowing for some deviations of t
distortion amplitudes from the exponential decay. Furth
more, the minimum interatomic Fe distances were c
strained not to vary more than about 10% from the b
value~2.48 Å!. On the basis of this approach, the data co
be fitted with high accuracy@see solid lines in Figs. 5~a!–
5~g!# as expressed by the unweighted residuum (Ru) of
0.09.36 This also evident from Fig. 5~h! where all 188 ob-
served structure factor amplitudes (uFobsu) are plotted versus
the calculated (uFcalcu) ones. The data are closely aligne
along the diagonal line representing the conditionuFobsu
5uFcalcu. This is noteworthy, since there is a large intens
dynamics within the data set and only one overall scale
tor was used; this corroborates the physical relevance of
model. The final structure model is outlined in Figs. 6–8

V. MODEL OF THE FILM STRUCTURE

Figure 6~a! compares a calculated vertical corrugati
plot based on the refined structure model with a previou
measured STM image@Fig. 6~b!#.37 Since the experimenta
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STM image is obtained from a 4-ML sample we show t
fourth layer of the film. We are aware that this comparis
generally needs a caveat, since in our investigation the la
are buried by a number of overlayers, while the STM ana
sis always probes the top layer. Consequently, the mod
tions need not be equivalent. Nevertheless, to first order
assume that the effect of the overlayers on the modulat
of the deeper layers is—if present at all—small. Therefo
the comparison between SXRD and STM appears rea
able.

The brightness of the spheres~Fe atoms! represents verti-
cal corrugation in analogy to a STM image. The solid re
angles indicate the unit cell of the modulated structu
(50.76335.84 Å2). First, there is a very close resemblan
between the images, showing that the STM contrast is
lated to the corrugation of the Fe atoms. This directly in
cates that there are no significant modifications induced
the layer structure upon deposition of subsequent adlaye
mentioned above. Closer inspection of the image also rev
lateral two-dimensional modulation, whose amplitudes
on the order of several tenths of an angstrom. In gene

FIG. 6. ~Color online! ~a! Simulated and~b! measured STM
images~Ref. 37! for 4-ML Fe/W~110!. The simulated image is de
rived from the results of structure refinement for the fourth lay
The solid rectangle indicates one unit cell of the modulated str
ture. ~c! Layer-resolved longitudinal modulation amplitude alon

@ 1̄10#. The solid and dashed lines represent theoretical modula
amplitudes on the basis of an exponential decay with differ
damping factorsp ~see text!.
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along both in-plane directions,@ 1̄10# and @001#, there are
three waves: one longitudinal and two transversal wav
These are described by theQi-dependent amplitudesU( i ) of
the different waves~i! coherently adding up to the tota
modulationu @see Eq.~1! and the subsequent discussion#.

Figure 6~c! shows u@ 1̄10#(N), the longitudinal modulation
amplitude of the different layers~N! along @ 1̄10#. The pa-
rameterN runs from 1 to 15. Note that two additional to
layers (N514,15) with fractional occupancies of about 0
and 0.2, respectively, were introduced, which led to an
proved fit quality. These extra layers represent some isla
on top of the Fe film. This is an experimentally support
assumption, because the Fe film growth is not perfe
layer-by-layer and some islands remain on top of the
filled layer even after annealing.

The data analysis reveals that the modulation amplit

u@ 1̄10#(N) is slowly decreasing from the maximum value
the range of 0.7 Å for the layers next to the W~110! surface

to about 0.4 Å for the top layers. The error bars foru@ 1̄10#

3(N) are estimated to be60.15 Å. The solid and dashe
lines in Fig. 6~c! are calculated profiles according to the e
ponential decayu(z)}exp(22pz/p), using p5226 and p
551 Å, respectively. The latter corresponds to the modu
tion periodicity along@ 1̄10#. The fitted data closely follow
the p5226 Å curve, indicating a much less pronounc
damping of the distortion as compared to the van der Me
theory. This certainly can be attributed to the question
whether the assumptions made by theory are valid in
present case. For example, treating the film as an elastic
tinuum requires the conditiond@aFe, whered is the total
thickness of the adlayer andaFe the Fe lattice constant. Thi
condition is hardly fulfilled in the present case. We can a
compare our results with the experimental data of Ref. 1
this study,u50.9 Å was found for a 4-ML sample along th

@ 1̄11# direction based on the observation that the intensity
the zero-order Bessel function~proportional to the reflection
intensity of the average structure! is at a minimum at this
coverage. This compares to 0.65 Å in our study when ca
lating the average value over the first four layers of
modulation amplitude along@ 1̄11# from our data. This is a
fair agreement keeping in mind that the LEED analysis c
not distinguish between the different vector components
the modulation and averages over the layers.

Next, we discuss the layer-resolved vertical corrugat
@r(N)# within the film structure. The corrugationr@110#(N)
is the peak-to-peak height difference of the atoms in a gi
layer ~N! and is directly related to the vertical~transversal!
modulation amplitude,u@110#(N). Roughly,r is about a fac-
tor of 2 larger thanu@110#(N). Choosing the corrugation in
stead of the modulation amplitude allows a direct comp
son of the results with STM data. Figure 7~a! shows the
model of the film structure in the corresponding sectio
while the filled triangles in Fig. 7~b! represent the layer
resolved corrugations. It should be noted that Fig. 7~a! only
shows the modulated part of the structure~i.e., excluding the
substrate and the pseudomorphic layers!. Thus, in the analy-
sis it is assumed that the substrate and the pseudomo
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layer~s! are not modulated by the adlayer. With considerat
of the strong bonding between Fe and W~i.e., the first
pseudomorphic layer and the surface! and the generally ob-
served rapid damping of structural relaxations in metals,
assumption appears justified.

The corrugationr@110#(N) is in the range of about 1.3
60.3 Å for the first five layers and drops rapidly to the 0.6
0.4-Å range for the following layers. Due to the compar
tively large error bars, we cannot clearly decide whether
apparent constancy ofr@110#(N) for N51 to 5 is an artifact
or whether it is a characteristic of the structure. Neverthele
as in the case of the lateral modulation, we observe a gen
decrease ofr@110#(N) with the distance from the Fe-W inter
face in agreement with expectations. Other models, suc
assuming constantr@110#(N) as well as step profiles of sig
nificantly different amplitudes, always lead to significant
worse fit qualities~e.g., Ru in the order of 0.2–0.3!. This
directly shows the reliability of ther@110#(N) profile.

The decay ofr@110#(N) vs N is also observable in the
structure model in Fig. 7~a!. In general, the layerN11 is
located above the layerN so as to achieve a maximum o
‘‘pseudomorphism,’’ i.e. in order to preserve as good as p
sible the local hollow-stacking of the atoms within the fil
and to avoid additional dislocation lines. We may specul
that—at least to the coverage investigated-the preservatio
the local hollow-stacking within the film and the related slo

FIG. 7. ~a! Structure of the Fe film in the@001#-@110# plane. The
layers are numbered on the right.~b! Corrugation amplitude (r@110#)
for the Fe layers as derived from the fits~solid symbols!. The open
symbols are taken from the STM analysis of Ref. 10 for compa
son.
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damping of the distortions is preferred over a rapid rel
ation of the modulated structure to an undistorted one. T
is most likely due to the high energy cost of considera
local distortions which are inevitably connected with a mo
rapid damping of the modulation.

The corrugation can be compared quantitatively w
STM data measured on a wedge-shaped sample in
4–8-ML range.9,10 The analysis of the height distributio
~based on the full width at half maximum! within each ML
revealed a vertical corrugation of about 0.7 Å for the fou
layer, which slowly decreased to about 0.3 Å for the eig
layer. In Fig. 7~b! the STM results are displayed by the op
symbols for comparison. Within the error bars there is f
correspondence for the layersN56 – 8; however, for the lay-
ers 4 and 5 the SXRD analysis derives larger corrugatio
The reason for the deviations between STM and SXRD
not clear at present. On one hand, one could argue tha
STM contrast does not in general correspond to the geom
ric corrugation; on the other hand, the SXRD-derived cor
gation in the 1-Å range is at the upper limit, which is jus
fied from simple geometric considerations.

A hard-sphere model gives further insight. The maximu
corrugation for Fe deposited on the W~110! surface is ob-
tained if the Fe atoms are placed in both hollow and on-
sites. Assuming for simplicity atomic radii for Fe and W
1.26 and 1.40 Å, respectively,38 the height difference be
tween these sites is 2.66– 2.1450.52 Å, which is signifi-
cantly lower than our observation. Using experimentally d
rived adsorption heights for Fe in the hollow site~keeping
the top site adsorption height at the theoretical value!,5,6,26

the corrugation increases to 0.72 Å, which still is somew
lower than the corrugation derived for the modulated
film.39 Thus, it seems that the SXRD analysis slightly ov
estimates the corrugation~at least within the deeper layers!.
One can speculate that this is related to the simplificati
necessary to carry out the intensity refinement, such as
limited number of modulation waves.

So far, we have discussed the structure of the Fe film o
since on the basis of the measured satellite intensities it is
possible to derive the registry between the film and the
derlying W substrate including pseudomorphic layers. Thi
due to the fact that the W substrate as well as pseudomor
layers only contribute to the W-(131) CTR’s but not to the
satellite reflections. Nevertheless, by using the symmetry,
lattice parameters, and the structure of the modulated film
is possible to develop a reasonable model for the adla
registry, which is shown in Fig. 8. The small black circl
represent the W atoms of the unrelaxed~110! surface, while
the larger circles are the Fe atoms of the first modula
adlayer. In the same way as in Fig. 6~a! the brightness of the
Fe atoms represents the corrugation. Note that for prese
tion purposes, the stacking is reversed, i.e., the Fe atom
below the W atoms. From Fig. 8 it is directly clear that t
vertical Fe corrugation can be related to the local F
adsorption position. Fe atoms in bridge and hollow sites
located at lowerz positions and are represented by dark
circles than those next to on-top sites. The Fe/W registr
chosen so as to place one Fe atom exactly on top of on
atom ~indicated by the arrow!. Following this row of atoms
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along the negative@001# direction, the Fe atoms continuous
shift out of the top position to the hollow position and ba
to a near-top position after 12 interatomic distances of the
lattice. The next~close to! on-top position is occupied by th
13th Fe atom in this row. This roughly corresponds to
13/12 ~51.0833! coincidence between Fe and W. The mo
accurate value from the geometric analysis of the sate
reflection positions yieldsr 51.0882, correspondingapproxi-
mately to a 37/34 coincidence, which, however, cannot
extracted from the plot due to the limited accuracy.

VI. IMPLICATIONS FOR FILM STRESS AND MAGNETIC
ANISOTROPY

In the following we discuss first the implication of th
unexpected strain anisotropy for the mechanical stress of
Fe film, which we have measured previously.20 Then, we
conclude with a discussion of the strain-induced contribut
to the magnetic anisotropy of the Fe film, which has be
discussed by Elmers and Gradmann6 under the assumption o
a strain state, which differs from our strain analysis.

Our structural analysis proposes an isotropic tensile
plane film strain,«185«2850.012, which is accompanied by
tensile out-of-plane film strain,«3850.0022, where the
primes indicate film properties. This finding is in contrast
the expectations of continuum elasticity.18 Usually, the strain
perpendicular to the film«38 is regarded as a free paramete
which is set to minimize the elastic energy densityf el with
respect to«38 . This corresponds to the idea of a zero stress
the direction perpendicular to the film plane, i.e.,] f el /]«38
5t3850, and this assumption requires«38(expected)
520.0082 for the given in-plane strain of«185«2850.012.
Thus, continuum elasticity predicts that the positive in-pla
strain should be accompanied by a negative strain along
film normal. However, our strain analysis results in a posit
strain also along the film normal. An immediate conseque

FIG. 8. ~Color online! Model of the film registry relative to the
W~110! surface. Black and bright circles correspond to W and
atoms, respectively. The brightness of the Fe atoms correspon
their vertical corrugation emphasizing the direct relation of the v
tical position with the respective adsorption sites. The W atoms
drawn on their regular bulklike positions with no relaxation.
1-8
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SURFACE X-RAY STRUCTURE ANALYSIS OF . . . PHYSICAL REVIEW B 68, 155421 ~2003!
is a larger atomic volume~12.6% as compared to bulk Fe!
for Fe in the experimentally determined strain-state as c
pared to the calculated strain state based on continuum
ticity ~11.6% as compared to bulk Fe!. The occurrence of
tensile strain along three orthogonal directions leaves Fe
less tetragonally distorted environment, as compared to
compressive strain along the film normal, which is calcula
by continuum elasticity from the in-plane tensile strain. Th
is especially important for the calculation of those film pro
erties, which depend on the deviation of the film structu
from the cubic symmetry, as does the strain-induced m
netic anisotropy, which will be discussed below. But also
calculation of film stress depends on the strain state, and
aspect is discussed next.

The film stress componentst i8 are calculated from the
respective derivatives of the elastic energy density] f el /]« i8 .
The expression for the elastic energy density of a cubic~110!
film reads f el5c12@2«28(«18/21«38/2)1(«18/21«38/2)2#
1c11@«28

212(«18/21«38/2)2#/212c44(2«18/21«38/2)2, with
the elastic constantsc115229 GPa, c125134 GPa, c44
5115 GPa.18 Our experimental strain values lead to an
plane stress oft1855.3 GPa andt2854.7 GPa, and to an out
of-plane stresst3853.1 GPa. This has to be compared to t
usual continuum elasticity approach with is characterized
«38(expected)520.0082, and gives 4.6, 3.3, and 0 GPa,
spectively. It is remarkable that the in-plane stress anisotr
is considerably smaller for the experimentally determin
value of «38 , as compared to its value for the calculat
strain,t18/t2851.14 vs 1.42. In earlier stress measurements
Fe films deposited on W~110!, which were performed by the
crystal curvature technique, we found an almost isotro
film stress of 13 GPa for films thicker than fou
monolayers.18 This film stress was constant up to 10 M
thickness, which was the thickest film of that earlier stu
From this earlier study we conclude that an isotropic fi
stress of this magnitude should also be expected for
13-ML monolayer-thick film under investigation here.
comparison of the calculated stress, based on our strain
ues, with the measured stress of earlier curvature exp
ments indicates that the measured film stress~crystal curva-
ture technique! exceeds the calculated value~based on film
strain as derived from this x-ray diffraction study! by a factor
of roughly 2.6. The larger magnitude of the experimen
stress comes as a surprise, as in other systems such as
Ni on Cu~100! and Ag on Fe~100!, the calculation of stress in
several-monolayer-thick films with continuum elastici
leads to a good agreement with the experimental stre41

However, the much smaller stress anisotropy as calcul
from the experimental strain is qualitatively in agreeme
with the isotropic stress, which we measured. We concl
that the Fe film stress cannot be adequately described
bulk continuum elasticity. We suggest that the magnitude
the bulk elastic constants be modified by the strain state
the film.

The film strain has a direct impact on the magnetic anis
ropy via the magnetoelastic coupling. The large magnitud
the magnetoelastic coupling coefficientsBi of the order of
several MJ/m3 @(B1

bulk523.43 MJ/m3 ~20.255 meV/atom!,
15542
-
as-

a
he
d

-
e
g-
e
is

y
-
y

d

f

ic

.

e

al-
ri-

l
o or

.
ed
t
e
by
f

of

t-
of

B2
bulk57.83 MJ/m3 ~0.579 meV/atom!#, which is roughly a

factor of 100 larger as compared to the crystalli
anisotropy,6 makes magnetoelasticity an important contrib
tion to the magnetic anisotropy in strained systems.18 We
discuss in the following section how the magnetic anisotro
of Fe monolayers is influenced by the strain state of the
film.

Fe monolayers on W~110! are a prototype of well studied
systems,6 where the magnetic anisotropy of monolayer th
films deviates from the bulk behavior. Bulk Fe has an ea
magnetization direction along the cubic@100# directions,
whereas in thin Fe films on W~110! an easy magnetization
direction along in-plane@ 1̄10# is found, which was previ-
ously ascribed to the dominant contribution of a so-cal
surface anisotropy.6 The easy magnetization direction rever
to the bulk easy magnetization direction@100# for Fe films
thicker than approximately 50 ML.6

The following expressions give the contributions of t
magnetoelastic coupling to the in-plane and out-of-plane
isotropy for cubic~110! films. The magnitude of the mag
netic anisotropy energy densityf mag-el is given as f mag-el

in plane

5 1
2 (B22B1)(«082«38) ~in-plane @ 1̄10# vs in-plane @001#,

and a negative value indicates an easy magnetization d
tion along in-plane@ 1̄10#).6,19 We introduced the magneto
elastic coupling coefficientsBi , and we consider an isotropi
in-plane strain«085«185«28 . Note that the difference betwee
in-plane and out-of-plane strain («082«38) enters as a facto
in the anisotropy expression. This reflects the physica
sound idea, that the deviation from the cubic symmetry d
to strain is essential for the magnetic anisotropy. In our ca
both strain components«0850.012 and«3850.0022 are of the
same sign, and their difference«082«3850.01 is smaller by a
factor of 2 as compared to the difference calculated with
normal strain derived from continuum elastici
«3,continuum elasticity520.0082, «082«3,continuum elasticity50.02.
This demonstrates that a detailed knowledge of the st
state is essential for a proper anisotropy discussion.

The other factor (B22B1) deserves also some special a
tention. The magnitude and sign of the magnetoelastic c
pling coefficientsBi depend on the film strain,18 and the
appropriate value for Fe with«0850.012 isB151.5 MJ/m3.18

Film stress-dependent measurements ofB2 have been per-
formed by Wedleret al., and extrapolating their values to ou
measured film stress of 13 GPa suggestsB25214 MJ/m3.40

Thus, B22B15215.5 MJ/m3, which differs in sign and
magnitude from the respective difference calculated from
bulk values~111.26 MJ/m3!. The consideration of the strain
dependent correction of the magnetoelastic coupling c
stants in connection with our strain analysis givesf mag-el

in plane

5 1
2 (B22B1)(«082«38)520.076 MJ/m3, which indicates an

easy magnetization direction along in-plane@ 1̄10#, which
agrees with the direction of the easy magnetization axis
13-ML Fe on W~110!.6 Elmers and Gradmann determine
quantitative anisotropy values from torsion oscillatio
magnetometry,6 and we derive from their data an in-plan
anisotropy of20.11 MJ/m3 for 13 ML of Fe. This value
agrees reasonably well with the anisotropy value as deri
1-9
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R. POPESCUet al. PHYSICAL REVIEW B 68, 155421 ~2003!
from the magneto-elastic contribution~20.076 MJ/m3!, and
we conclude that the in-plane anisotropy of Fe films
W~110! can be ascribed to the magnetoelastic contribution
the anisotropy. The film strain is decisive for the magne
anisotropy of the Fe monolayers. This conclusion does
require the introduction of significant surface anisotropy c
tributions, which were suggested as the driving force of
magnetic in-plane anisotropy of Fe layers on W~110!.6

VII. SUMMARY

In summary we have presented a detailed SXRD anal
of a nominally 13-ML-thick Fe film deposited on W~110!.
The Fe atoms form a two-dimensionally modulated structu
which gives rise to a multiplet of satellite reflections. T
analysis of both the satellite positions and their intensity
lowed a thorough depth-resolved study of the modula
film. Our analysis indicates that the modulated Fe adlaye
‘‘incommensurate’’ with the underlying W lattice~approxi-
mate 37/34 coincidence between Fe and W! and that the
average Fe structure can be interpreted as a slightly late
distorted bct phase. The modulation amplitudes within
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