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Surface x-ray structure analysis of periodic misfit dislocations in FAN (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 A along @] and[ 110] directions, respectively. In the
(110 plane the average Fe structure is isotropically strained-by2% with respect tgbulk) bcc Fe, corre-
sponding to lattice constants of 2.901 A ald®@1] and 4.103 A anngﬁTlO]. In the surface normal direction
([110)) we find that the Fe film is also strained by0.22% =4.062 A). This corresponds to a slightly
laterally distorted bct phase witi=b=2.887 A,c=2.901 A, andy=89.4°. 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 A for the normal and lateral modulations, respectively. The modulation amplitudes continuously
decrease with distance from the FEAL0) 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.
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[. INTRODUCTION long-range ordered dislocation network has been observed
only at coverages larger than about 2 ML. In general, misfit
Owing to its prototype character for the study of struc-dislocations are generated in order to relieve the strain in-
tural, mechanic, and magnetic propertiesi the F{em in- dug‘ed in the growing adlayer, which h_as a different bulk
terface is one of the most intensely investigated interfaces ifattice constant than the substrate. The first theory based on a
surface sciencE:?! Since the magnetic properties are inti- model that treats the adlayer as an elastic continuum, to our
mately related to the geometric structure, the investigation oknowledge, was developed by Frank and van der M&né.
the interface structure as well as the structure within the filnf-0r @ review of theoretical work on misfit dislocations we
remains a primary aim for research. However, quantitativdefer to Ref. 24. Since the Fe/dl0) interface represents a
structure analyses are quite rare. Almost 20 years ago Gragystem with a large misfit of 9.4%af.~2.866 Aay
mann and Wallérinvestigated the growth of Fe//L0) us-  =3.165 A), misfit dislocations are formed at low adlayer
ing low-energy electron diffractionfLEED) and Auger- thickness(~1.2 ML). The study of Sander, Enders, and
electron SpectroscomA\ES)_ Since that time it is genera”y KirSChEIlg has revealed that the formation of misfit disloca-
accepted that the first Fe monolay®tL ) grows pseudomor- tions reduces the film stress from more than 40 GPa in the
phically on W(110) (1 ML = 1.41x 105 atoms per cif). The first layer to almost zero in the second and third lay8rs.
formation of misfit dislocations begins at higher coverage. However, with regard to the atomic structure of the mis-
The misfit dislocations form a well-ordered two-dimensionalfitted adlayer so far only semiquantitative analyses were car-
lattice, which gives rise to a two-dimensional multiplet of fied out. In the LEED analysis of Gradmann and Waller
satellite reflections. As an example, Fig(al shows the Kkinematic scattering theory was applied to interpret some
LEED image of a 3-ML-thick Fe film. The satellite spots are satellite intensities. Using a first-order sinusoidal modulation
arranged in diamond-shaped groups around the integer-ordéave ansatz for the in-plane displacements, the authors de-
reflections of the WL10) substrate. The corresponding scan-fived a modulation amplitude of about 0.9 A along ffire-
ning tunneling microscopySTM) image is shown in Fig. plane [111] direction for a 4-ML-thick film. A detailed
1(b). The different layerslabeled by 2, 3, ¥are represented layer-dependent analysis of the distortion pattern was not
by the different gray scale. The regularly arranged distortiorcarried out. STM investigations were also not able to de-
lines are identified by the vertical corrugation contrast, whichvelop a full three-dimensional atomic picture of the misfitted
is most prominently observed in layer 4. Fe adlayef!%'61% However, they provided information
In later investigations by Bethgetal.® Jensen and on the morphology by ascribing the observed STM contrast
co-workerst® and Sanderet al,*®'° the two-dimensional to the vertical corrugation. The dislocation network could
misfit dislocation network was directly identified by STM be observed up to 11 ML, which was the maximum thick-
and—more indirectly—by a kink in the stress curve mea-ness investigated in this study. The vertical corrugation am-
sured by the optical bending method. The kink in the stresglitude was found to decrease from about 0.7 A at 4 ML to
curve is already observed at about 1.2 ML, however, th®.3 A at 8 ML1°
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A three-dimensional atomic structure model based on the
quantitative interpretation of the intensity distribution along
14 symmetrically independent satellite rods is developed. We
find that the normal corrugation decreases from about 1.2 A
for the Fe layers next to the W10 surface to about 0.3 A
for the outermost Fe layer. The in-plane modulations de-
crease from 0.7 A in the second layer to 0.3 A.

This paper is organized as follows: Section Il briefly out-
lines the most important experimental details and Sec. llI
discusses the structure analysis as far as the lattice geometry
is concerned. Sections IV and V deal with the quantitative
intensity analysis and the discussion of a structure model.
The impact of the peculiar film strain on film stress and
magnetic anisotropy are discussed in Sec. VI.

100x100nm?

n IIl. EXPERIMENTAL ASPECTS

The experiments were carried out at beam line ID3 of the
European Synchrotron FacilifESRF in Grenoble using a
six-circle ultrahigh-vacuum diffractometer operated in the
z-axis modé® at a wavelength of 0.73 A. The W10 surface
was cleaned by heating the sample several times at 1500 °C
in 10~ ® mbar oxygen partial pressure for 30 s. After a final
flash at 2000 °C for 10 s the C contamination of the surface
is lower than 1% of a ML as determined by AES. The thick-
ness calibration was carried out using a quartz oscillator and
by observing the SXRD intensity oscillations of tk@01)
crystal truncation rodCTR) reflection?®?’ Since the latter
are observed up to a coverage of about 2 ML due to the onset

FIG. 1. (a) LEED pattern of a 3-ML-thick Fe film on \({110). : . . . -
The two-dimensional satellite reflection multipletts are arranged inOf island growth, the thickness calibration for thicker layers

diamond shaped areas around thé¢1%0) main reflections. The (>5 ML) is less accurate. Here we rely on a constant depo-
electron energy is about 100 e{b) Corresponding STM image smqn rate, as checked during dep05|t|or_1 by_monltonng the
(100x 100 nnf). The different levelgsecond, third, and fourth ML € ion flux, and the constancy of the calibration parameters.
as indicated by the labelare represented by the different contrast. N total 13 Fe layers were depositedsitu by electron-beam

The two-dimensional distortion network is observable at the thirdevapora_tion from a high-purity roq. In this context it must be
and fourth level. emphasized that this coverage is derived from the present

) o ~SXRD analysis, which only yields the number of layers,
In this paper we present a quantitative surface x-ray difyyhich contribute to the modulated structure. Our previous

fraction (SXRD) analysis of the misfit dislocation network sxrp analysis in the low-coverage regifhas well as from
for a nominally 13-ML-thick Fe film. First, from the posi- the Mssbauer analydioof thicker films (up to about 11.5
tions of the zeroth order satellite reflections, the average inML) have indicated the presence of about two pseudomor-
plane lattice constants of the Fe adlayer are determined t8hic layers next to the W10 surface. Since they do not
2.901+0.005 and 4.1080.005 A, indicating the presence contribute to the satellite intensities they are not considered
of an isotropic lateral strainggg,=e110= +1.2%) with re- i the present analysis.
spect to bulk body-centered culdiocc) Fe. The strainis also  The sample was slightly annealed after deposition in order
positive for the out-of-plane directiofi10], where we find o optimize the structure quality as measured by the peak
£110= +0.22%(4.062 A), indicating that the Fe adlayer can- intensity and the full width at half maximuiFWHM) of the
not be simply considered as strained bcc Fe. The unit celirst-order Fe reflection, which is related to the average Fe
size of the modulated structure along both in-plane directiongtructure(see be|ov)j_ It increased by near|y 100% upon an-
is Iarger by a factor 11.380.01 than the respective lattice nea“ng_ However, the transverse FWHM decreased 0n|y
constants of the \(\110) Surface, 50.76 KVerSUS 4.476 A for from 0.8° to 0_6°(Corresponding tqu:44>< 10_3 A _1,
W) along[110] and 35.84 A(versus 3.165 A for Walong  omitting the factor 2r), which translates into a domain size
[001]. The noninteger ratio 11.330.01 indicates an incom- of about 23 nm. We conclude that the annealing process does
mensurate Fe superstructure. While the lattice parameters abt primarily increase the average island size, but rather
the modulated Fe structure and the W substrate are not givdeads to an ordering of a substantial amount of Fe, which was
by a ratio of integers, the2:1 ratio between the in-plane not in registry with the deposited Fe film before annealing.
lattice constants is preserved in the film as expected for a Figure 2a) gives an overview of th¢hk) plane of recip-
(110 bcc film. rocal space of the Fe-covered(Y10) surface. The inset in
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(a) R001] satellite reflections can be done in two different ways. First,
Q;"\ [001] all reflections can be related to the W-substrate lattice. This is
. K ¢ b* 01 200 convenient in order to directly analyze the lattice metric of
0 B the Fe film with respect to the W substrdsee Sec. I). On
5 ﬁ - the other hand, for the analysis of the satellite reflection in-
4 [i10] 1S tensities(Sec. 1V) the spots are labeled by using the five-

character symbolhkl,mn. The indexhkl labels the main
reflection next to the satellite indexed byn The condition
m=n=0 refers to the zero-order satellite. In FigaRsome
satellites are indexed in this way, where the third coordinate
| has been omitted for clarity.

Integrated x-ray reflection intensities were collected by
transverse scans up to a maximum normal momentum trans-
fer of |=q,/c*=2.25 reciprocal lattice unitgr.l.u.). The
transverse width of the reflections is given by the sample
domain size(=23 nm, see aboyewhile the out-of-plane
resolution is determined by the setting of the detector slits. In
the present experiments it is approximately10 > A1
corresponding to 0.02 r.l.u. alorgf . Only the intensities of
' WF those r_eflections labeled by an open symbol in_ Fig) @ere _

) 1100 taken into account for the structure analysis. Systematic
10° [ scans in the vicinity of the main reflections showed that no
‘ f.“ intensity was observed for those reflections, fulfilling the
T
!

0.3447 A!
<2901 A

0.019741 F 1§
©50.76 &

Pog2a37At | Scan
Te4.103 4 d

(b)

conditionm+n=2u+1 (u integey, indicating a centered
i ﬁf' T‘J '-‘:11’11 supercell lattice symmetry. Oth&symmetry-allowelireflec-
Tigh il I tions with m+n=2x, but more distant from the main re-
104 ﬁ 10004 gy f\,lll,n flections, were found to be too weak to be measured in gen-
- 1178 4 eral. In total 222 reflections were measured and subsequently
W o7 o oo 1o 11 12 232‘14 reduced to 188 by symmetry equivalence. The structure fac-
[h h 0] (rec. lattice units) tor amplitudes|F (hkl,mn)| were obtained after correcting
the intensities for effective sample area, Lorentz factor, and
FIG. 2. (a) Schematic view of the WL10) surface(upper lefy  polarization factof® The standard deviation@) of the |F|
and the reciprocal lattice of the Fe(@0D) film in the a*-b* plane.  values were derived from the reproducibility of symmetry-
The large squares represent the W CTR’s. The Fe satellite reflegquivalent reflections and the counting statistie® In gen-
tions are represented by circles and diamonds, the latter represegig|, they are in the 10—20 % range, which—considering the

the zero-order satellites related to the average film structure. Op%lrge fraction of weak reflections—is a reasonable value.
symbols indicate reflections used for the analysis. In the left part of

the figure some distances are givél). Intensity profile along the
[hhO] direction in reciprocal space measuredjgt 1.10 tl.u.[see

arrow in (a)]. The Fe satellite reflections are indexed above the The geometric parameters of the modulated structure

peaks; theh coordinate within the W coordinate system is given yere derived as the first step of the analysis. The positions of

below the reflections. the satellite reflections could be determined with very high
accuracy from the positions of the X11) W CTR’s, which

the upper left shows the atomic arrangement of th@ 1) serve as an internal reference. Figutb)Zhows on a loga-

surface. The dashed rectangle indicated ¢eateregisurface  rithmic scale the intensity measured along [hé0] direc-

unit cell. The lattice directions are related to the bulk settingtion in reciprocal space. The normal momentum transfer was

of (bcd W. The reciprocal-lattice vectors are chosen so thakept constant agj,=1.10 r.l.u. In Fig. 2a) the scan direction

thea* andb* axes are parallel tp110] and[001], respec- IS shown by the dotted arrow starting from the @a), sat-
tively. In the sketch of the reciprocal space, the large squared/lite and ending at thg11,22 satellite. The scan also
represent the integer-order CTR’s of the(M) substrate, ~Crosses the W-crystal truncation rotll) and the zero-order
which are indexed according to the face centefepisetting satellite,(11,00, of the modulated structure. The coordinates
of the W unit cell. The circles are the non-zero-order satellite{n,k=h) of the reflections related to the W-coordinate frame
reflections related to the modulation of the Fe layer. Theare listed below the peaks.

diamonds represent the zero-order satellites related to the From the position If=k=1.091+0.002) of the zero-
average Fe-film structure. Owing to the lack of translationorder satellite, the in-plane lattice constants of (feerage
periodicity along the surface normal, all reflections are exFe adlayer are directly derived to 4.168.005A along
tended to rods along the normal directigd10], q,=Ic*, [110] and 2.90% 0.005 A along[001], respectively. Com-
with ¢*=1/(4.476 A)=0.223 A"1. Consequently, the re- pared with the respective values of bulk bcc (Bed53 and
flection index(l) is a continuous paramet&rindexing of the  2.866 A this indicates an in-plane strain ef1.22% along

Intensity (arb. units)
=

IIl. GEOMETRIC ANALYSIS
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FIG. 3. Scan along,, of the zero-order satellite reflection of the
Fe layer located af1.091, 1.09}1 within the W coordinate frame
(see also Fig. 2 The dashed lines &t=1 and 3 indicate the bulk W ¢ the average Fe-film lattice metric projected aldigl]. The

reflection positions along the neighboring (LW CTR. Between  qashed square represents the cubic case avitB.091 A, the lat-
the Fe main reflections &&=1.102 and 3.306 r.l.u., there are 11 side tice constant of the film alon§001]. The solid rhombus is the

maxima, indicating an Fe thickness of 13 layers.

FIG. 4. Sketch visualizing the distortiofgrossly exaggerated

unit-cell shape of the average structure in fi€0]-[010] plane.
Lattice parameters and expansigimspercent relative to bcc Fare
both in-plane directions. The magnitude of the strain doedndicated.

not depend on whether the film was annealed after deposition

or not. During. the course of the experiments we dgterminegtructure in the projection alonip01]. The dashed square
the same strain values also for a nominally 5-ML-thick Iayer.represents the theoretical case of a cubic unit cell \&ith

The vertical lattice metric is derived from the intensity _ ' ._ 5 901 A Note that=2.901 A is the lattice param-

distriputio_n along the s_urface_ nor_ma_l. Fi_gure 3 shows on %ter determined along tHe01] direction. The square serves
logarithmic Sca'? the intensity dlstrlbuuqn of 1@1,00 as a guide for the eye to better clarify the lattice distortion.
zero-order satellite alo_n_gz. The dashed lines dt:_l and The solid rhombus represents the unit cell according to our
|=3 r.I_.u. ma.rk the positions of the W—bulk reflectlo.ns along SXRD measurements. The lengths 2.0310 and 2.0515 A are
the neighboring (1) CTR. These S"’!“Sfy the reflection con- given by the measured lattice constants al¢ag0] and
dition (h,k,) all even or odd according to the face-centered— )
(fc) setting of the W unit cell. Due to the strong W-bulk [110], respectwely._Note that the two corners of the rhom-
reflection at(113 there is some distortion of the measuredbus pointing along110) coincide with the dashed square,
satellite intensity arount= 3 since the W(1l) CTR is close  since along both thg110] and the[001] directions the lat-
to the satellite rod (1.091,1.09},within the W coordinate tice strain is+1.22%. Using the measured lattice parameters,
frame. However, for the geometric analysis of the structurethe edges of the rhombus are 2.887.004 A (bulk bcc Fe,
this is not relevant. Important results are directly derived2.866 A), while the angley is derived as 89£0.1°. Note
from an inspection of the intensity distribution of Fig. 3.  that the distortion characterized by the angl&90° is a

The Fe-surface structure adopts the substrate lattice typeery tiny effect and that the drawing grossly exaggerates the
i.e., the Fe film grows with it§110 face on the W110 real situation. In summary, the unit cell of the average Fe-
surface. The “Bragg” peaks along the (11Q0) satellite rod film structure can be viewed as a slightly laterally distorted
located atl =1.102 and 3.306 r.l.u. correspond to the reflec-volume expanded bct phase, which has no direct relation to
tion condition for a fc lattice in analogy to the W(JICTR  other (metastablg lattice such as fcc or hexagonal close
and translate to a lattice constant of 4.062 (44.476 packed(hcp).*?
A/1.102. Again, the comparison with bulk F&.053 A) in- Information on the film thicknes&l) is derived from the
dicates anexpansionof the average Fe structure by 0.22% FWHM of the first Bragg peak, which is 0.17 r.l.u.
along the film normal[110]. Using the bulk Fe elastic =0.038A™! (see Fig. 3 Using the relation d
constantd' one would expect a-0.82% contractionas a =1/(0.038 A1) we find d=26.3 A. This corresponds ex-
consequence of the 1.22% in-plane expansion. Thus, the Fatly to 13 layers of 2.02 A thickness, which is close to the
film under investigation is not simply strained bcc Fe butaverage layer thickness of 2.031(A4.062/2 A as derived
resembles an enlarged atomic volume. An in-plane strain odbove. A further confirmation of the layer thickness comes
+1.22% and a contraction of0.82 would result in a rela- from the observation oM =11 well-defined side maxima
tive volume change oAV/V=g,+e,+e35=1.22+1.22  (corresponding td1 + 2= 13 layers® between the two main
—0.82=1.62%, while our analysis yieldAV/V=¢,1+&5  maxima. In Fig. 3 the side maxima are indicated by the ar-
+e533=1.22+1.22+0.22=2.66%. rows and numbered froml =1 to M =11.

In order to clarify the metric in more detail, Fig. 4 sche-  So far we have discussed the average structure of the Fe
matically shows the lattice parameters of the average filnfilm. The metric of the modulate@super) structure is de-
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rived from the spacing between the satellite sgste left

part of Fig. Za) where the distances are gijeAlong[110]
and [001] these are determined to b&q[;;=0.0197
+£0.0003 A™* and Aqpooy=0.0279-0.0002 A™*, respec-
tively. Accordingly, the modulation periodicityMP) is ayp
=50.76-0.50 A along [110] and byp=35.84-0.50 A
along[001]. The relationship between the(\10) lattice and
the modulated film is expressed by the rafie-ayp/ay
=byp/by=11.33:0.01. This value indicates that the
modulated supercell is incommensurate with thel¥@) unit
cell. However, the/2:1 ratio between the W lattice param-

eters along110] and[001] (4.476 and 3.165 Ais preserved
in the adlayer and reflects the intimate relation between the
Fe film and the substrate.

We conclude that the Fe film is characterized by a well-
ordered and homogeneous structure with no significant
(depth-dependentisorder. The average lattice constant of
the film is larger than that in bulk Fe, and it is given by an
isotropic in-plane strain of+1.22% and an out-of-plane
strain of +0.22%.

IV. INTENSITY ANALYSIS

In order to refine the analysis and to develop a three-
dimensional structure model for the modulated Fe-film struc-
ture the intensity distribution along the satellite rods was

|F| (arb. units)
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analyzed quantitatively. The structure factor amplituffés
of seven out of 14 satellite rods together with their standard
deviationso are shown in Figs. ®—5(g) as solid symbols.
The rods are labeled according to the convention discusse
in Sec. Il. Note the huge intensit{f) variation within the
data set, which is of the order of 1@etween the strongest
and the weakest reflections>(|F|?). The solid lines corre-
spond to the best fit to the data as will be discussed in th : _
following. Ecakj for all 188 reflgctlons. The datfa. are closely aligned along the
The analysis is based on describing the structure in termg""‘gon"’lI corresponding to the conditiffsd =Fcad-
of modulation waves. The-th atom in the modulated struc-
ture, which is located at,, is shifted byu, out of its aver-
age positiorr® according to the relation,=r°+u, . In this
approach, the average structure is modeled using the bu
stacking of the Fe layers. Within the unit cédlee the model

5 m 188 reflections
1 1

0
0.0 2.0 25

0.5 10 15

10
g, (rec.lattice units) |F carc| (arb. units)

FIG. 5. (8)—(g) Measuredsymbolg and calculatedlines) struc-
ture factor amplitudes for seven of 14 satellite reflections atpng
he rods are indicated according to Fig.(R) Plot of |Foud vs

of the atomg») within the unit cell anch (intege) represents
a lattice translation. For the analysis we have chosen two
ﬁQrthogona] in-plane  modulation basis vectorsg;
=(0.0809,0.0) and,=(0.0,0.0809). The choice is based on
g . the minimum spacing between the satellite reflections, which
n F|gl. 2)1the symmetry independent W atoms are(qa,o,o _ 15 0.0882 r.l.u. along both in-plane directions within the W
and (z,0,7). Note that there are two atoms per unit cell in cqorginate framésee Fig. 2, which is equivalent to 0.0809
each layer {=2); only one of them is independent due to r|.y. within the Fe coordinate frame. Higher-order modula-
the centering of the unit celplane groupcmn®). The shift  tion vectors can be taken into account by linear combinations
of the Fe atoms out of their average positions can be degt q; according toQ;=3a;;q;, with ;; integer. The struc-
scribed by using a harmonic modulation function, which intyre refinement was carried out by using a limited set of
the most general case is given®by modulation waves using the componeais=(2,0), (0,2),
(4,0, (0,9, (1,1, (2,2, (3,1, and(1,3 and their symmetri-
cally equivalent components corresponding to fhan
point-group symmetry. This set corresponds to 20 modula-
tion waves Q;) in total. Symmetry restrictions according to
_,_2 US(i)cog 27Qi(n+g,)]. (1) the five-dimensional_ space group 851 Iabel_ed by
i cmm2(q00,0p0)mn0 in Ref. 35 are implemented in the
refinement programana 20063 which was used throughout
In Eq. (1) theU,’s andQ;’s represent the amplitudes and the analysis. Themn®2 symmetry of the supercell is con-
the modulation vectors of the sii® and cosingc) displace-  firmed by the extinction of those satellites with the condition
ment waves, respectively. The paramegysare the phases m+n=2u+1 as discussed in Sec. Il.

u,=>, US(i)sif2wQ;(n+g,)]
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Despite the convenient approach to describe the structure
in terms of modulation waves, the number of variables istoo  (a)
large in relation to the number of observed reflections. In
detail, for each of the 13 layers there is ofpwsitiona) z
parameter and 12 lateral and 6 vertical modulation ampli-
tudes. Together with one overall scale factor this adds up to
in total 19x13+1=248 free parameters to refine, which
even exceeds the number of reflectigdi88). In order to
simplify the analysis, a modulation amplitude profile within
the film is constructed assuming a simple functional relation-
ship of the(total) modulation amplitudesi(N) [see Eq.(1);
dropping the indexv] of the layers. For example both,
experimerit and theory® proposed that the modulation am-
plitude in the film decreases with increasing distance from
the interface. Treating the film as an elastic continuum, van
der Merve found an exponential decrease of the distortions
with increasing film thickness. This can be described by the ()
z-dependent modulationy(z) = uy exp(—2nz/p), where p 1.01
and z represent the modulation periodicity and the distance

50.76% 35.84 A2

oy

of the layer from the interface, respectively. The parameter °§°-8

Up corresponds to the maximum modulation, which affects €06

the first layer next to the substrater the pseudomorphic =

layers in the present cgsélhe theory—although originally =04

developed for the case of a one-dimensionally misfitted -

adlayer—is also applicable for distortions in two- ’

dimensional epitaxial layers, provided that the films grow in 0.0 T
a layer-by-layer mode and the two-dimensional symmetries ¢ 2 & 5 & I D N

of substrate and film are identical. To first order both prereg- Layer number (N)

uisites are fulfilled in the present case; however, it might be

questionable whether the film can be considered as an elastic FIG. 6. (Color onling (a) Simulated andb) measured STM

continuum at this coverage. images(Ref. 37 for 4-ML Fe/W(110. The simulated image is de-
Starting with this idea we fitted the intensity data by usingrived frqm the result_s qf structure refinement for the fourth layer.

U, andp as fit parameters, while the distarzef the layer The solid rectangle indicates one unit cell of the modulated struc-

from the substratéincluding the pseudomorphic layerss ture. (c) Layer-resolved longitudinal modulation amplitude along
given by 2=Nd. whered=2.031A is the average layer [110]. The solid and dashed lines represent theoretical modulation

spacing within the Fe film antl the number of the Fe layers, 321rﬁlit.udes on the basis of an exponential decay with different
. . . . ping factorg (see text
However, this approach did not immediately lead to very
satisfying results. Therefore in a second step an improvement
of the fits was tried by allowing for some deviations of the STM image is obtained from a 4-ML sample we show the
distortion amplitudes from the exponential decay. Furtherfourth layer of the film. We are aware that this comparison
more, the minimum interatomic Fe distances were congenerally needs a caveat, since in our investigation the layers
strained not to vary more than about 10% from the bulkare buried by a number of overlayers, while the STM analy-
value(2.48 A). On the basis of this approach, the data couldsis always probes the top layer. Consequently, the modula-
be fitted with high accuracjsee solid lines in Figs.(8—  tions need not be equivalent. Nevertheless, to first order we
5(g)] as expressed by the unweighted residuuf,)(of  assume that the effect of the overlayers on the modulations
0.09% This also evident from Fig. (B) where all 188 ob- of the deeper layers is—if present at all—small. Therefore
served structure factor amplitudg$(,J) are plotted versus the comparison between SXRD and STM appears reason-
the calculated |F.4d) ones. The data are closely aligned able.
along the diagonal line representing the conditidt,d The brightness of the spheré@& atomgrepresents verti-
=|F.ad. This is noteworthy, since there is a large intensitycal corrugation in analogy to a STM image. The solid rect-
dynamics within the data set and only one overall scale facangles indicate the unit cell of the modulated structure
tor was used; this corroborates the physical relevance of ou50.76x 35.84 A?). First, there is a very close resemblance
model. The final structure model is outlined in Figs. 6—8. between the images, showing that the STM contrast is re-
lated to the corrugation of the Fe atoms. This directly indi-
V. MODEL OF THE FILM STRUCTURE cates that there are no signifipant modifications induced in
the layer structure upon deposition of subsequent adlayers as
Figure 8a) compares a calculated vertical corrugationmentioned above. Closer inspection of the image also reveals
plot based on the refined structure model with a previouslyateral two-dimensional modulation, whose amplitudes are
measured STM imagkFig. 6(b)].%” Since the experimental on the order of several tenths of an angstrom. In general,
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along both in-plane direction$,110] and [001], there are a)

three waves: one longitudinal and two transversal waves N
These are described by tig-dependent amplituded(i) of APy Ty IRl Ry i P L
the different waves(i) coherently adding up to the total T T SIS :i’
modulationu [see Eq.(1) and the subsequent discussgion e L s e Sl TS
Figure €c) shows ul*%(N), the longitudinal modulation ORI RIS
amplitude of the different layeréN) along[110]. The pa- L L R I A B
rameterN runs from 1 to 15. Note that two additional top e = :: A : =

layers (N=14,15) with fractional occupancies of about 0.4
and 0.2, respectively, were introduced, which led to an im-
proved fit quality. These extra layers represent some island: : P2
on top of the Fe film. This is an experimentally supported (b) 2.0
assumption, because the Fe film growth is not perfectly
layer-by-layer and some islands remain on top of the last
filled layer even after annealing. 1.5+
_The data analysis reveals that the modulation amplitude

ul*9(N) is slowly decreasing from the maximum value in
the range of 0.7 A for the layers next to the(140) surface

to about 0.4 A for the top layers. The error bars bt STMO_ 4\/{

1.0

meo] (A)
/
/

X (N) are estimated to bez0.15 A. The solid and dashed 05
lines in Fig. &c) are calculated profiles according to the ex-

- - g
ponential decayu(z)oexp(~2nz/p), using p=226 andp

=51 A, respectively. The latter corresponds to the modula- 0.0 .

tion periodicity anng[TlO]. The fitted data closely follow 0 2 46 T ser m::;berlzN) 1416
the p=226 A curve, indicating a much less pronounced ¥
damping of the distortion as compared to the van der Merwe FIG. 7. (a) Structure of the Fe film in thE001]-[110] plane. The

theory. This certainly'can be attributed to the que;tipn Oflayers are numbered on the rigtt) Corrugation amplitude (%)
whether the assumptions made by theory are valid in the,; ihe Fe layers as derived from the figolid symbols. The open

present case. For example, treating the film as an elastic cogympols are taken from the STM analysis of Ref. 10 for compari-
tinuum requires the conditiod>ar., whered is the total ¢gp.

thickness of the adlayer arat, the Fe lattice constant. This

condition is hardly fulfilled in the present case. We can alsqayer(s) are not modulated by the adlayer. With consideration
compare our results with the experimental data of Ref. 1. Irpf the strong bonding between Fe and ., the first
this study,u=0.9 A was found for a 4-ML sample along the pseudomorphic layer and the surfaad the generally ob-
[111] direction based on the observation that the intensity okerved rapid damping of structural relaxations in metals, this
the zero-order Bessel functigproportional to the reflection assumption appears justified.
intensity of the average structures at a minimum at this The corrugationp**%(N) is in the range of about 1.3
coverage. This compares to 0.65 A in our study when calcu=0.3 A for the first five layers and drops rapidly to the 0.6—
lating the average value over the first four layers of the0.4-A range for the following layers. Due to the compara-
modulation amplitude alonf111] from our data. This is a tively large error bars, we cannot clearly decide whether the
fair agreement keeping in mind that the LEED analysis canapparent constancy @f*'%(N) for N=1 to 5 is an artifact
not distinguish between the different vector components obr whether it is a characteristic of the structure. Nevertheless,
the modulation and averages over the layers. as in the case of the lateral modulation, we observe a general
Next, we discuss the layer-resolved vertical corrugatiordecrease op*9(N) with the distance from the Fe-W inter-
[p(N)] within the film structure. The corrugationi 1*%(N)  face in agreement with expectations. Other models, such as
is the peak-to-peak height difference of the atoms in a giverssuming constani'*1%(N) as well as step profiles of sig-
layer (N) and is directly related to the verticransversal  nificantly different amplitudes, always lead to significantly
modulation amplitudey'*'%(N). Roughly,p is about a fac- worse fit qualities(e.g., R, in the order of 0.2—-0)3 This
tor of 2 larger tharul*9(N). Choosing the corrugation in- directly shows the reliability of th@*'%(N) profile.
stead of the modulation amplitude allows a direct compari- The decay ofp!*'%(N) vs N is also observable in the
son of the results with STM data. Figuréa¥ shows the structure model in Fig. (8. In general, the layeN+1 is
model of the film structure in the corresponding sectionocated above the layed so as to achieve a maximum of
while the filled triangles in Fig. (b) represent the layer- “pseudomorphism,”i.e. in order to preserve as good as pos-
resolved corrugations. It should be noted that Figy dnly  sible the local hollow-stacking of the atoms within the film
shows the modulated part of the struct(re., excluding the and to avoid additional dislocation lines. We may speculate
substrate and the pseudomorphic lay€efius, in the analy- that—at least to the coverage investigated-the preservation of
sis it is assumed that the substrate and the pseudomorpttite local hollow-stacking within the film and the related slow
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damping of the distortions is preferred over a rapid relax- e e e e e e l e e e e
ation of the modulated structure to an undistorted one. This PR SE M RCHCHURTL S MONDACR N W
is most likely due to the high energy cost of considerable 3',%‘ 000000 e e agagegbybl” .
. . . S92 . o%e%0® 220009 %, q::‘s.o .
local distortions which are inevitably connected with a more Jopecece o,g:p%%%%‘iqﬂ% o®e®e° .
rapid damping of the modulation. 000 e goooojnﬁo:ozegfgcgo;.; T
The corrugation can be compared quantitatively with :ogo;o:egogo:o:;g::::igo‘qgogogn o
STM data measured on a wedge-shaped sample in the ,gogoogoga:.:_::::::,r‘,°§ogog ‘.
4-8-ML range’!® The analysis of the height distribution ;029202020°°:}°.:o:o:o::goag"g" .
(based on the full width at half maximymvithin each ML ﬁp:.:o:.ﬁiﬁogo;o;e;.gog,oﬁo:.: .
revealed a vertical corrugation of about 0.7 A for the fourth »°5 ’i'i';‘.“.‘:”g":ofeg":':"z’:! .’
layer, which slowly decreased to about 0.3 A for the eighth -.,!.3.!,$.~ogogogegog.;.-$:t ‘e
layer. In Fig. Tb) the STM results are displayed by the open  [001] z’:‘:‘:‘,ﬁ:ooooooooeo“a“::‘:.: o
. L . . wm e e e #0.....0°6%°. s
symbols for comparison. Within the error bars there is fair »20%624%:% ,::o.o.o'o‘:g.%"t,"OU te
correspondence for the laye¥s= 6—8; however, for the lay- -0-9.2-6-0-0 ’-:-"“ -O-b-Bl* .
30

ers 4 and 5 the SXRD analysis derives larger corrugations. [110]
The reason for the deviations between STM and SXRD is . . . .
not clear at present On one hand, one could argue that the FIG. 8. (C0|0I‘ Onllné MOdel of the film I’egIStry relative to the
STM contrast does not in general correspond to the geomeW(llo) surface_. Black and _brlght circles correspond to W and Fe
ric corrugation; on the other hand, the SXRD-derived corry2toms, respectively. The brightness of the Fe atoms corresponds to
gation in the 1-A range is at the upper limit, which is justi- their vert.i(.:al cqrrugation emphasizing thg dirgct relation of the ver-
fied from simple geometric considerations. tical position \_Nlth the respe(_:tlve ad_s_orptloq sites. The W atoms are
A hard-sphere model gives further insight. The maximumdrawn on their regular bulklike positions with no relaxation.

corrugation for Fe deposited on the(¥W0 surface is ob- : N .
tained if the Fe atoms are placed in both hollow and on—topalong the negativE001] direction, the Fe atoms continuously

sites. Assuming for simplicity atomic radii for Fe and W as shift out of the top position to the hollow position and back
1 26.and 1.40 A, respectivetd, the height difference be- to a near-top position after 12 interatomic distances of the W

tween these sites is 2.66—248.52 A, which is signifi- lattice. The nexftclose tg on-top position is occupied by the

cantly lower than our observation. Using experimentally de-lg’th Fe atom in this row. This roughly corresponds to a

rived adsorption heights for Fe in the hollow sileeeping 13/12(=1.0833 coincidence between Fe and W. The more

the top site adsorption height at the theoretical vatfe® accurate value from the geometric analysis of the satellite

the corrugation increases to 0.72 A, which still is somewha{GerCtlon positions yields= 1.0882, correspondingpproxi-

lower than the corrugation derived for the modulated Fematelyto a 37/34 coincidence, which, however, cannot be

film.3® Thus, it seems that the SXRD analysis slightly over-&xtracted from the plot due to the limited accuracy.
estimates the corrugatigat least within the deeper layérs
One can speculate that this is related to the simplifications/!: IMPLICATIONS FOR FILM STRESS AND MAGNETIC

necessary to carry out the intensity refinement, such as the ANISOTROPY

Iimitedf numb(;r of rg_odulatiodn xvaves. the Fe film onfv. ™ the following we discuss first the implication of the
So far, we have discussed the structure of the Fe film only, ,ey e cted strain anisotropy for the mechanical stress of the

since on the basis of the measured satellite intensities it is N®la film which we have measured previOL@yThen we

possible to derive the registry between the film and the UNzonclude with a discussion of the strain-induced contribution

derlying W substrate including pseudomorphic layers. This IS0 the magnetic anisotropy of the Fe film, which has been
due to the fact thgt the W substrate as WeI'I as pseudomorphigc. issed by Elmers and Gradm&ander the assumption of
layers only contribute to the W-(41) CTR's but not to the 5 gyrain state, which differs from our strain analysis.
satglhte reflections. Nevertheless, by using the symmetry, th.e Our structural analysis proposes an isotropic tensile in-
lattice parameters, and the structure of the modulated f'lm'e'{Blane film straing] =& ,=0.012, which is accompanied by a
is possible to develop a reasonable model for the adlayer . , L

: o T : ensile out-of-plane film straing;=0.0022, where the
registry, which is shown in Fig. 8. The small black circles . indicate film broperties. This finding is in contrast to
represent the W atoms of the unrelax@d0 surface, while primes indicate prop ' 3 9 ;
the larger circles are the Fe atoms of the first modulateéhe expgctatlons of cc)_ntlr)qum elasticiyUsually, the strain
adlayer. In the same way as in Figabthe brightness of the PerPendicular to the filne; is regarded as a free parameter,
Fe atoms represents the corrugation. Note that for present{hich is set to minimize the elastic energy dendiywith
tion purposes, the stacking is reversed, i.e., the Fe atoms af@SPECt (&3 . This corresponds to the idea of a zero stress in
below the W atoms. From Fig. 8 it is directly clear that thethe direction perpendicular to the film plane, i.efe/deg
vertical Fe corrugation can be related to the local Fe=73=0, and this assumption requires;(expected)
adsorption position. Fe atoms in bridge and hollow sites are= —0.0082 for the given in-plane strain ef =¢,=0.012.
located at lowerz positions and are represented by darkerThus, continuum elasticity predicts that the positive in-plane
circles than those next to on-top sites. The Fe/W registry istrain should be accompanied by a negative strain along the
chosen so as to place one Fe atom exactly on top of one \Wm normal. However, our strain analysis results in a positive
atom (indicated by the arroyv Following this row of atoms strain also along the film normal. An immediate consequence

A
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is a larger atomic volumé+2.6% as compared to bulk Fe Bgulk:7_83 MJ/n? (0.579 meV/atonl, which is roughly a
for Fe in the experimentally determined strain-state as COMfactor of 100 larger as compared to the crystalline
pared to the calculated strain state based on continuum elaénisotropﬁ makes magnetoe'asticity an important contribu-
ticity (+1.6% as compared to bulk FeThe occurrence of tion to the magnetic anisotropy in strained systéfngve
tensile strain along three orthogonal directions leaves Fe in giscuss in the following section how the magnetic anisotropy
less tetragonally distorted environment, as compared to thgf Fe monolayers is influenced by the strain state of the Fe
compressive strain along the film normal, which is calculatedijm.
by continuum elasticity from the in-plane tensile strain. This  Fe monolayers on W10 are a prototype of well studied
is especially important for the calculation of those film prop-system$, where the magnetic anisotropy of monolayer thin
erties, which depend on the deviation of the film structurefims deviates from the bulk behavior. Bulk Fe has an easy
from the cubic symmetry, as does the strain-induced magmagnetization direction along the cubj@00] directions,
netic anisotropy, which will be discussed below. But also thewhereas in thin Fe films on W10 an easy magnetization
calculat'ion'of film stress depends on the strain state, and thlﬁrection along in-planéTlO] is found, which was previ-
aspect is discussed next. ously ascribed to the dominant contribution of a so-called
The film stress components are calculated from the g rface anisotropyThe easy magnetization direction reverts

respective derivatives of the elastic energy dengfty/de{ . o the bulk easy magnetization directifbo0] for Fe films
The expression for the elastic energy density of a cUti€)  thicker than approximately 50 Mf..
fiim reads fo=cif2e)(s1/2+e5/2)+ (81/2+£5/2)?] The following expressions give the contributions of the

+opes?+2(e 2+ €412)2112+ 2c44(— 112+ €4/2)%, with  magnetoelastic coupling to the in-plane and out-of-plane an-
the elastic constantsc;;=229 GPa, c;,=134 GPa, ¢4y  isotropy for cubic(110 films. The magnitude of the mag-
=115 GPa:® Our experimental strain values lead to an in-netic anisotropy energy densiti.g.e is given asf:]’l;’é’i‘gf
plane stress of%=5.3 GPa an¢é=4.7 GPa, and to an out- —1(g,— B1)(ey—e4) (in-plane [110] vs in-plane[001],
of-plane stress;=3.1 GPa. This has to be compared to theand a negative value indicates an easy magnetization direc-
usual continuum elasticity approach with is characterized by, along in_p|aan10])_6,19 We introduced the magneto-
e3(expectedj= —0.0082, and gives 4.6, 3.3, and 0 GPa, re-g|astic coupling coefficients; , and we consider an isotropic
spectively. It is remarkable that the in-plane stress an'SOtrOp%-plane straire)= e, =} . Note that the difference between

is considerably smaller for the experimentally determmeoh]_plane and out-of-plane strai{— 1) enters as a factor

valu-e O,f‘o’?’ as compared to it§ value for the calculatedin the anisotropy expression. This reflects the physically
stra|_n,7-1/7-2=1._14 vs 1.42. In ea_rller stress measurements of ), ng idea, that the deviation from the cubic symmetry due
Fe films deposited on WL10), which were performed by the 5 strain is essential for the magnetic anisotropy. In our case,
crystal curvature technique, we found an almost ISOtropiGy5th strain componenis)=0.012 and:=0.0022 are of the
film stress of 13 GPa for films thicker than four sign, and their differeneg— s,=0.01 is smaller by a

8 . .
mpnolayersl. Th's film stress was constant up to 10 ML factor of 2 as compared to the difference calculated with the
thickness, which was the thickest film of that earlier study.normal strain  derived from  continuum elasticity

From this earlier study we conclude that an isotropic film

stress of this magnitude should also be expected for thicariun sl L IE oy Coremn pee (B
13-ML monolayer-thick film under investigation here. A 9

comparison of the calculated stress, based on our strain vapate is essential for a proper anisotropy discussion. .
The other factor B,—B;) deserves also some special at-

ues, with the measured stress of earlier curvature exper{- i Th it d si fth toelasti i
ments indicates that the measured film sti@sgstal curva- ention. 1he magnitude and sign ot the magr.1+e? o€lastic cou
ture technigueexceeds the calculated val@igased on film pling cqefﬁuentsBi deper_nd/on the f_|lm straift, and t?ge
strain as derived from this x-ray diffraction stydyy a factor ~aPPropriate value for Fe with,=0.012isB, =1.5 MJ/m.
of roughly 2.6. The larger magnitude of the experimental™ilm stress-dependent measurementsBgfhave been per-
stress comes as a surprise, as in other systems such as cd¥fned by Wedleet al, and extrapolating their values to our
Ni on Cu(100) and Ag on F€L00), the calculation of stress in measured film stress of 13 GPa suggésts — 14 M_J/”?'
several-monolayer-thick films with continuum elasticity Thus, Bo—By=—15.5 MJ/”?' which differs in sign and
leads to a good agreement with the experimental sftess.magnitude from the respective dlffergnce qalculated from the
However, the much smaller stress anisotropy as calculat@Ulk values(+11.26 MJ/nd). The consideration of the strain-
from the experimental strain is qualitatively in agreementd®pendent correction of the magnetoelastic cqupllr|1a%econ-
with the isotropic stress, which we measured. We concludétants in connection with our strain analysis givigHsi
that the Fe film stress cannot be adequately described by z(B2—B1)(eo—e3)=—0.076 MJ/ni, which indicates an
bulk continuum elasticity. We suggest that the magnitude okasy magnetization direction along in-plan&l0], which
the bulk elastic constants be modified by the strain state ofigrees with the direction of the easy magnetization axis of
the film. 13-ML Fe on W110).° Elmers and Gradmann determined
The film strain has a direct impact on the magnetic anisotquantitative anisotropy values from torsion oscillation
ropy via the magnetoelastic coupling. The large magnitude ofnagnetometry, and we derive from their data an in-plane
the magnetoelastic coupling coefficie®s of the order of  anisotropy of—0.11 MJ/n? for 13 ML of Fe. This value
several MJ/m [ (BSk= —3.43 MJ/n? (—0.255 meV/atory  agrees reasonably well with the anisotropy value as derived
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from the magneto-elastic contributigr-0.076 MJ/mi), and  film decrease with distance from the interface. For the lateral
we conclude that the in-plane anisotropy of Fe films ondistortions we find maximum values in the 0.7-A range for
W(110) can be ascribed to the magnetoelastic contribution tdhe vertical distortions values in the 1-A range. These results
the anisotropy. The film strain is decisive for the magneticare in fair agreement with previous LEED and STM work. A
anisotropy of the Fe monolayers. This conclusion does natodel for the registry between the Fe film and th¢19\0)
require the introduction of significant surface anisotropy con-surface proves the direct relation between the vertical corru-
tributions, which were suggested as the driving force of thegation and the local Fe adsorption site. We demonstrate that
magnetic in-plane anisotropy of Fe layers of0).° our strain analysisin-plane film straine; =¢5,=0.012; out-
of-plane film straine3=0.0022), in conjunction with the
strain-modified magnetoelastic coupling constants, offers a
VIl. SUMMARY satisfactory description of the in-plane magnetic anisotropy

of the 13-ML Fe film. We suggest the strain-induced anisot-

In summary we have presented a detailed SXRD analys% is the decisive factor for the maanetic anisotropy of thi
of a nominally 13-ML-thick Fe film deposited on (/10). sy?t/elfn ISV rror gnet sotropy 'S

The Fe atoms form a two-dimensionally modulated structure,
which gives rise to a multiplet of satellite reflections. The
analysis of both the satellite positions and their intensity al-
lowed a thorough depth-resolved study of the modulated
film. Our analysis indicates that the modulated Fe adlayer is
“incommensurate” with the underlying W latticéapproxi- We (R.P.,, H.L.M., and D.S.are grateful for the hospital-
mate 37/34 coincidence between Fe and &vd that the ity during our stay at the ESRF. The help of M. Dusek during
average Fe structure can be interpreted as a slightly lateralthe work with the Jana2000 program is gratefully acknowl-
distorted bct phase. The modulation amplitudes within theedged.
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