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Surface structure and stress in Fe monolayers on \(110)
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We present a surface x-ray structure analysis of Fe ¢h1®y deposited at room temperature in the coverage
range up to 1.7 ML, in combination witm situ stress measurements. The maximum compressive stress is
observed at about 0.7 ML, and coincides with the maximum first-layer Fe occupancy. Further island coales-
cence is inhibited. The onset of tensile stress at higher coverage is related with the growth of the second
pseudomorphic Fe layer. At 1.2 ML only fractions of 0:70.10 and 0.1& 0.10 ML of Fe, in the first and
second layers, respectively, are located in pseudomorphic sites. At 1.7 ML three pseudomorphic Fe layers
(with fractional ML occupancies of 0.800.10, 0.6G-0.10, and 0.2& 0.10 have to be taken into account to
fit the x-ray intensities indicating the growth of three-dimensional islands. The layer occupancies are consistent
with scanning tunneling microscopy images. The Fe-W and Fe-Fe interlayer distances are compressed by up to
13% relative to the bulk distances, in good agreement with previous theoretical predictions and experiments.
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I. INTRODUCTION mination of the atomic arrangement at the interface and its
correlation with magnetic and mechanical properties. Among
For almost two decades the adsorption of Fe offX@  the experimental investigations there is only the LEED
has been one of the most intensely studied model systems analysis of Albrecht and co-workéSusing a “classical”
surface sciencE:?! On the one hand, this is due to its rich surface structure analysis technique, although the method to
variety of reported peculiar magnetic properties, such as inanalyze the data originates from a kinematical approach to
and out-of-plane anisotropy, spin reorientatiot>'® mag-  electron diffraction. A schematic view of the pseudomorphic
netic frustratiorf, and unusual domain wall pinnifd.On the ~ Fe/W(110 structure is shown in Fig. 1. The authors of Refs.
other hand, it is due to its outstanding mechanic and crystab and 6 six found, for the first Fe layer, a normal distance,
lographic propertie®182° The low-energy electron- d(Fel-W1), of 1.94 A, which corresponds to a contraction
diffraction (LEED) analysis of Gradmann and Waflepro-  of 13% relative to the bulk W-layer spacirg@.23 A). Fur-
posed that up to about a 2-ML coverage Fe growghermore, for the second-layer distandéfel-Fe2), a com-
pseudomorphically on W10 (the coverage in ML is re- pression of 10% to 1.82 A relative to the bulk Fe interlayer
lated to the W110) surface atom density and is defined asdistance(2.03 A) is found. Apart from this work, there is
1.41x 10*°Fe atoms per cA. At higher coverage, the for- only the x-ray photoelectron diffractiofKPD) investigation
mation of a regular array of misfit dislocations sets in as @f Tober et al’* which found a contraction of 7.2% for
result of the growing strain energy in the mismatched Fed(Fel-W1). More recent theoretical work in Refs. 19 and 21
layer. The misfit dislocations were also clearly identified byalso reported large contractions. Fa¢Fel-W1) these au-
scanning tunneling microscogTM) investigations. How-  thors found values of 13% and 17%, respectively. Adding a
ever, pseudomorphic growth at low coverage cannot be disecond Fe layetFe2 partially relaxes this contraction to
rectly identified by STM, because atomic resolution is lack-10.6% and 13%, respectively. Fd(Fel-Fe2) the calcula-
ing due to the low corrugation of the local density of tions predict contractions of 11.9% and 4.7%. Table | sum-
states’'° The surface mechanic properties were also investimarizes these results in comparison to our own findings, dis-
gated recently. The Fe/l10 interface represents an ad- cussed below.
sorption system with a large lattice misfit of 9.4%,, The discrepancies of the structural data that have been
=3.161A, a,=2.866 A), and does not show intermixing.
Stress measurements during film growth have shown that up

to about 0.6 ML there is compressive stress, which is in Fe, Fe3\f,_‘_; _________________

contrast to the expectation from strain considerations predict- e W 3?;2;‘;23

ing tensile stres®1"2°The stress measurements indicated Wy W W dFe-wy

that, already in the second layer, at a coverage of 1.2 ML a W, (W,-W,)
DA

transition from pseudomorphic to nonpseudomorphic growth
occurs?® Nevertheless, despite the intense efforts to deter- [110]

mine the structure and properties of the FEIMD) interface

in the low-coverage regime, quantitative structural data are FIG. 1. Schematic picture of the Fe(M.0) interface assuming
very rare. Even for the pseudomorphic growth regime therg@seudomorphic growth. The interlayer spacings are labeled accord-
have been only a few investigations concerned with a deteling to Table I.
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TABLE |. Parameters for the pseudomorphic structure of R&M) as derived from experimental and
theoretical investigations. The relative changes of the interlayer distances are given with respect to the bulk
W distance of 2.23 A fod(Fel-W1) andd(W1-W2), and relative to the bulk Fe distance of 2.03 A for
d(Fe3-Fe2) andi(Fe2-Fel).

d(Fe3-Fe2) d(Fe2-Fel) d(Fel-w1l) d(W1-W2) method Ref.
experiment
1.4 ML, 0.45 ML —-10% —-13% LEED 56
1.2 ML —-7.2% +2.2% XPD 14
1.2 ML —13+2% -8+x2% -1+1% SXRD this work
layer filling #=0.1-0.1 6=0.7£0.1
1.7 ML -5+x2% —-11+3% -8+3% -1+1% SXRD this work
layer filling #=0.1+0.1 6#=0.6-0.1 6=0.8+0.1
theory
1 ML —12.9% —-0.1% FP-LAPW 19
2 ML -11.9% —10.6% +0.03% FP-LAPW 19
1 ML —-17% -0.1% FP-LMTG 21
2 ML —5% —-13% +0.03% FP-LMTO 21

8 ull-potential-augmented plane wave.
bFull-potential linear muffin-tin orbital.

reported so far make an accurate analysis of the geometr|g|2=2 /4 and the scattered intensity equals 1/4 of a W
interface structure as a function of Fe coverage highly desirmonolayer. Surface layer relaxation and adsorbate coverages
able. To this end we performed surface x-ray diffractioninfluence the scattered intensity in between the Bragg peaks.
(SXRD) experiments. SXRD has become a routinely appliedn the course of the structural analysis, these intensity

technique for the structure determination of clean andthanges are exploited to model the atomic structure of the
adsorbate-covered surfaces, since the data analysis is basgffface region.

on the kinematic scattering theory which allows an easier
interpretation of the measured intensities as compared to
LEED.22-2%|n the present investigation we analyze the geo-
metric structure of the Fe/(¥10 interface in the pseudo- The experiments were carried out at the beamline ID3 of
morphic growth regime. SXRD has been carried out for twothe European Synchrotron Radiation Facility in Grenoble us-
coverages of the Fe filrfL.2 and 1.7 ML. In addition, dur- ing a six-circle ultrahigh-vacuum diffractometéyase pres-
ing Fe deposition we have combinadsitu monitoring of a  sure 7<10 *'mbap running in thezaxis mode®?® The
surface x-ray reflection and the measurement of the surface/(110) crystal with dimensions 122x 0.1 mn? was fixed
stress. The surface stress was measured with an optical d&t one end only, with clamps to allow free bending. The
flection technique to determine changes of the crystal curvasample was cleaned by heating several times infafbar
ture. This combination directly correlates surface structurabxygen for 30 sec at 1500 °C. After a final 10-sec flash at
properties with the corresponding stress in the surface layeR000 °C, only minor tracefess than 1% of a MLof carbon
Since this study is limited to coverages below 2 ML no regu-contamination could be detected by Auger-electron spectros-
lar misfit dislocations have been formed yet. The structureopy. Fe was deposited by electron-beam evaporation from a
analysis is based on the interpretation of the intensity distrihigh purity Fe rod. Figure (&) shows the specular x-ray
bution along the integer order crystal truncation rodsreflection intensity at the antipha&01) scattering condition
(CTR’s).2272° along the 00 CTR versus the Fe coverage. Simultaneously,
The CTR’s arise due to the truncation of the crystal, andhe crystal curvature was measured. Surface stress changes
can easily be treated theoretically by calculating the semiinduce a corresponding crystal bending which is detected by
infinite sum of the scattering contribution of the crystal lat- reflecting a laser beam onto a position sensitive detector as
tice planes along thEL10] direction. Neglecting absorption, described in Ref. 17. The curvature of the crystal, from
this leads to the expression for the structure factor intensityhich the change of surface stress upon film growth can be
|F|2=£3/[4 sirf(w/2(h+k+1)|2)] for the bulk truncated deduced, is shown in Fig(B). Initially, a compressive stress
W(110 crystal in the primitive setting of the surface unit is found which is ascribed to the change of surface stress of
cell?® The detailed calculation shows thais a continuous W due to the adsorption of F8 At a coverage above 0.5 ML
parameter, wheredsandk are integers. The atomic scatter- tensile stress due to the positive lattice mismatch between Fe
ing factor for W is given byf,,, which is tabulated in Ref. and W is measured. The horizontal section of the stress curve
27. The CTR intensities are strongly peaked at the bulkn Fig. 2(b) indicates a slightly different curvature versus
Bragg conditionh+k+I=2n, with n an integer, but are thickness behavior as compared to our previous stifids,
orders of magnitude smaller in between. For example, at theshere a reduced but not negligible slope was measured. We
“antiphase” condition h+k+1=2n+1, one calculates ascribe this to the lower growth ratd ML in 250 9 as

Il. RESULTS AND DISCUSSION
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(a) 0 1 2 3 4 5MLFe observed intensity drop amounts to only 25%; see Hg). 2
= This reduced drop in diffracted intensity can be ascribed to
g 50 I the growth of a second pseudomorphic layer before the first
g 40t layer has been completed. The second layer contributes with
2 an in-phase condition to the intensity, resulting in a smaller
g 307 drop of intensity as compared to the oversimplified picture of
%,‘ 201+ a completed first layer. The detailed structure analysis dis-
§ cussed below supports this model conclusively.
= 10T | Integrated x-ray reflection intensities were collected at a
| wavelength of 0.73 A by transverse scans, i.e., by rotating
® O ! : the crystal about its surface normal while the x-ray incidence
0004 T L angle was kept fixed at 1.0° with respect to the sample sur-
§ i g ! face. The large incidence anglabout six times the critical
g = I : angle of total reflectionwas chosen in order to avoid pos-
f:jo,oog, T % [l sible complications in the data analysis due to crystal bend-
2 | § [ ing. In the transverse direction the resolution is limited by
b - the sample mosaic spread which was 0.1°. For each sample,
<0.002 T X several symmetrically independent CTR’s were measured:
1.2ML 1.7 ML (011) and (20) for 1.2-ML coverage and (0 and (01) for
0 500 1000 1500 1.7-ML coverage up to a maximum momentum transfer of
Time (s) q,=|Xc*=4 reciprocal lattice unit$ The reciprocal-

lattice parametec* is equal to 1.41(A)"1. In addition to

FIG. 2. (a) Specular SXRD reflection intensity at th@01) an-  these data sets, the corresponding CTR’s of the uncovered
tiphase condition as a function of Fe coverage during deposition aiample were also measured. Thus the structure of the clean
?_?10 K. (b) C“r"?tt‘;]re meas_urocla_metnt during Fe growth 0'(‘_1W))-t surface could be determinédand they were used to nor-

e minimum o € curve Indicates maximum compressive stres i ; i P _
CTR data were collected at 1.2 and 1.7 ML, as indicated by thj;ahze the Ir!tegrated mten.SItlés of the Fe_ covered sample
dashed lines. y evaluating the ratio (R) apcordmg to R(q,)

=1.ol92)/1an(9;), Where the subscriptgov) and(cln) refer

compared to our previous studies, which results in a moréo covered and clean samples, respectively. The analysis of
equilibrium like growth with lower stres$. R(q,) avoids the consideration of correction factors in order

The nominal Fe coverage was calibrated independently bto retrieve the structure factor intensitigs(q,)|? from the
using a quartz oscillator. The x-ray reflection intensity exhib-integrated intensitie¥ % In the present analysis the
its a damped oscillating amplitude, characteristic for island F(q,)|? data were derived from the integrated intensities by
growth. X-ray data sets were collected after termination ofapplying the Lorentz factor and the polarization factor. Fur-
growth when the specular intensity was near the first minithermore, the intensity data were corrected for the effective
mum and maximum, as indicated by the dashed lines in Figsample area, which is the area illuminated by the x-ray beam
2. According to the simultaneous stress measurem@amis  and simultaneously intercepted by the detector. Especially in
the previous calibrationthe amount of deposited Fe equals the present case, where a sample with a pronounced aniso-
about 1.2 and 1.7 ML in these cases, respectively. The cledropic shape with surface dimensions ofXI2 mn¥ is used,
correlation between the calibration based on the interpretahe analysis oR(q,) is a valuable test of the results obtained
tion of the SXRD intensity and the stress measurements iby fitting the|F(q,)|? data. This is because the active sample
evident by a detailed inspection of Fig. 2. The kink of thearea illuminated by the x-ray beam and intercepted by the
stress curve (onset of misfit dislocations at 1.2-ML  detector rapidly varies with the different orientations of the
coveragé occurs shortly after the first intensity minimum. sample and detector. Therefore the x-ray intensities are likely

The latter is often qualitatively correlated with the to be subject to large systematic errors. The “ratio method”
completion of the first ML, because at this coverage there isvas used successfully in some cases in the ¥ds@and is
the maximum antiphase scattering contribution by thewell applicable where no substantial modification of the sub-
pseudomorphic Fe adatoms. However, a short estimatiostrate surface is induced by adsorption. From previous STM
shows that the minimum of thé01) intensity cannot be and LEED investigations, it is known that this condition is
simply correlated with a complete first Fe layer. As outlinedfulfilled for Fe/W(110). The standard deviations of the
in Sec. | above, the total scattering intensity of the bulkintensities(and the ratioswere derived from the reproduc-
W(110 crystal at the antiphase condition equfﬂgm. Add-  ibility of symmetry equivalent reflections and from the
ing a fraction ofé monolayers Fe in pseudomorphic sites oncounting statisticd?~2*In generals is in the 5-15 % range.
the W(110 surface vyields, for the scattering amplitude, The solid symbols in Figs. 3 and 4 are the structure factor
IFool?=|fw/2— 6f=d%. Using f,y=69 and fr,=23 from intensities |F(q,)|?> (upper panels and the ratiosR(q,)
Ref. 27, and assuming= 1, one obtain$F 4o,/ >~ 144, which  (lower panels In the|F(q,)|? data sets, solid squares repre-
has to be compared {& o, >~ 1225 for clean W110). This  sent the structure factor intensities for the uncovered
corresponds to about 11% of its initial value. In contrast, thesamples, whereas the solid circles correspond to the Fe-
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sity is dominated by the substrate scattering, making the ad-
20¢ layer contribution to the total scattering intensity negligible.
A ratio R=1 at the in-phase condition is always indicative
for the absence of systematic errors. In general, high-quality
fits could be achieved as measured by the unweighted re-

2

10% 01¢

| F(hk1) |2 (arb. units)
5W 5&
| F(hk1) | 2 (arb. units)
2. 2
<

10% 10° siduum, R, .® For the|(F(q,)|? data,R, is in the 10-20 %
0 1 3 3 a 1 5 3 i range. For thdR(q,) data it is between 3% and 10%.
(,) (rec. lattice units) (q,) (rec. lattice units) Our results are summarized as follows: In general, the
contraction of the normal layer distanc@&ble |) is in fair
2.0 2.07 . ) . :

. 01¢ < {200 agreement with previous experimental and theoretical work.
;3 14 1 4] In the pseudomorphic growth regime, large normal contrac-
& B tions are the consequence of th®.4% misfit between Fe
o 1Y \ 7 o MY, il and W. Only a slight discrepancy exists between our results
S 06 ‘ 5 0.6 e h}vﬁ with previous work ford(Fel-W1). The LEED analysis of

] Albrecht and co-workers® and theoretical investigations,

0.0~ : : . . 0.0~ : ; ; - derived values in the range 10.6—17 %, respectivghe
0 (<llz) (rezc. 1atti3ce un?ts) 0 (qz)l (rec.zlatticesunits‘; value 17% appears to be a bit _outstanding as c_ompared to the
others, maybe due to the details of the theoretical appjoach
FIG. 3. Structure factor intensiti¢s|? (upper panelsmeasured ~ For both coverages we derive 8%, with a maximum error of
along the (0I) (left) and along the (20 CTR for the uncovered 3%. On the other hand, a very good agreement—again with
(solid squargsand 1.2-ML Fe-coveredsolid circles W(110) sur-  exception of Ref. 21—is obtained for the secqr@2-Fel
faces. The corresponding ratios between the Fe-cover€dl® interlayer distance. Our analysis gives #13% and 11
and the clean .10 are shown in the lower panels. Fits to the data = 3%, in comparison with 10% determined by Albrecht
are represented by solid lines. et al® and 11.9% by Qian and Himer° Pseudomorphic Fe/
W(110 structures, including a third Fe layer, were not con-
covered ones. The lines are fits to the datat shown for the sidered so far, either theoretically or experimentally. This
rods of the uncovered sampl@he derived structure param- can be attributed to the large computational difficulties asso-
eters are compared in Table | with previous experimental angiated with LEED or theoretical methods to deal with large
theoretical results. The error bars of the structure parametegystems. In contrast, our SXRD data of the 1.7-ML Fe film
are estimated from their variation depending on whether théirectly indicate the onset of third-layer growth in the
parameters were derived from fits to qmg(qz)|2 data orto pseudomorphic regime. Here the interlayer distance between
the ratios. Already from qualitative inspection®fq,), itis  the third and second Fe layefSe3-Fe2 is much less con-
evident that, for the 1.2-ML Fe film, there is a major contri- tracted(5%) than observed for the deeper layéiable .
bution only from one Fe layer. This leads to a simple sinu-This rapid “contraction damping” can be attributed to the
soidal shape oR(q,). In contrast, for the 1.7-ML sample, formation of small Fe clusters that become more bulklike
the more complicated behavior 8(q,) indicates the pres- With increasing thickness.
ence of several layers, i.e., island growth. Furthermore, all Although the error bar for the determination of the first
R(q,) data pass through valu&=1 at the bulk Bragg re- Substrate layer spacirigl(W1-W2)] is large, there is some
flections. This is because at the in-phase condition the intergvidence for a residual contraction of=1% after Fe depo-
sition. In comparison with the uncovered sample for which
we found a contraction of 2:70.5% ° this indicates that the

‘E 10° 01¢ i . £ 14 00¢ s substrate structure relaxes back upon Fe adsorption—though
; 104 : 10°] ‘jyr not completely, as predicted by thedisee Table)l
) d & Even for 1.7-ML Fe there is no indication for the presence
= 10 104 of a long-range ordered misfit dislocation network. The cor-
5 10 § 10°] responding satellite reflections were observed only at higher
= = . ' . . . coverage, and will be reported elsewh&r&his result might
0 1 2 3 4 0 1 2 3 4 be surprising at first sight, as other techniques and the simul-
20 (qz) (rec. lattice units) 2.0 (q;) (rec. lattice units)  taneously taken curvature data indicate the end of pseudo-
g 5 00¢ morphic growth in the second layer, at a nominal coverage of
%: 14 { 14 1.2 ML. Obviously, the initial stage of the structural change
— 1.0 2 107 does not result in an ordered arrangement of Fe atoms in
2 06 ;9;7 S 06 \‘\ nonpseudomorphic sites.
& Qi = . . .
& 4 There is some difference between the nominal coverage
0.0 0.0

as calibrated by a quartz oscillator, and the total coverage as
0 3 4 1.2 3 4 i i
(lqz) (rgc. lattice units) 0 (4, (rec. lattice units) derived from the SXRD data. The latter is the sum of the
fractional layer occupancies. In all cases the SXRD analysis
FIG. 4. Structure factor intensiti¢g|? and ratios for 1.7-ML Fe  yields less than the nominal covera®@8 ML versus 1.2
on W(110), as described in Fig. 3. ML, and 1.6 ML versus 1.7 ML Whereas for the latter the
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discrepancy is within an error bar, for the lower coverage the
difference might be explained by some fraction of disordered
Fe. In addition, some macroscopic inhomogeneous Fe cov-
erage on the sample surface cannot be excluded. For both
samples a maximum first-layer Fe coverage of only 0.7-0.8
ML with an error bar of+0.10 ML is observed, indicating
that the first pseudomorphic Fe layer is not completely filled.
This supports previous STM analyses, also reporting an in-
hibited coalescence of the Fe islands at about 0.6°NMhe
hindered coalescence of the Fe islands might be caused by a
relaxation of island edge atoms, which leads to lower strain
energy for separated islands as compared to the closed film.
Our finding of an incompletely filled first layer is also well in
agreement with STM studiés, where even at coverages
higher than 1.3 ML still some fraction of approximately 10%
of the uncovered substrate is observed.

Island growth in the second and third layers can be quali-
tatively inferred from the rapid damping of tH{601) inten-
sity oscillations with increasing Fe coverage, as shown in 100 nm

Fig. 2(a). This is confirmed in more detail by the SXRD FIG. 5. STM image of 1.9-ML Fe deposited on(¥L0) at 300

analysis of the 1.7-ML sample. A good fit to the data re-g (Ref. 38. Monoatomic steps of the W substrate run from the

quires the assumption of a third layer occupied by a fraC'upper left to the lower right side. Dark areas represent open patches

tional coverage of 0.260.10. This result is supported by the j, the second Fe layer, revealing Fe in the first layer. White areas
interpretation of STM images, such as the one shown in Figeorrespond to Fe islands of the third layer.

5 for a 1.9-ML samplé® Black, gray, and bright areas cor- _ _ _
respond to the first, second, and third Fe layers. From &lightly enhanced upon Fe adsorption. We find values in the
qualitative inspection of the image, Fe occupies fractions ofange betwee=0.05 and 0.15. In this context it should be

about 70% and 20% of the surface area in the second arftPted that the surface roughness due to the Fe adsorbate
third layers, respectively. atoms is inherently taken into account by the calculation of

Apart from these parameters, in addition surface roughth® CTR intensity by using fractional adlayer occupancies.
ness was taken into account. For the description of th herefore, the only slight increase ¢ reflects that the

roughness. Robinséhhas developed an atomistic model as- du(el%g):r?riaacﬁ;s%?srt]gt %%Cr%me Osr']glr:'g'(;%';g rt(i)gr?(mg”
suming a geometric distribution of layer occupancies within p o pion.

) In conclusion, we have presented a surface x-ray-
the coherence Ier_19(hv500 Ain the present ca}sgwhere the diffraction analysis of the Fe/\¥10) interface in the pseudo-
layer occupancy is 1.0 for layer @ for layer 1,3 for layer

: morphic growth regime. The interlayer contractions of 8%,
2, and so on. Increasing roughness leads to a steeper decregsg, and 5% for the first, second, and third layers, respec-
of the CTR but not to an asymmetry of the intensity distri- tjyely are in good agreement with theoretical predictions and
bution as relaxation does. In general, valuesgare in the  yrevious work. We have no evidence of long-range ordered
range between 0.0 and 0.5, depending on the material angisfit dislocations at the maximum coverage of 1.7 ML that
preparation. In general, semiconductor surfaces exhibit flatye investigated. The combination of the SXRD measure-
ter surfaces than metals. For the cleari1®0) surface we ments with surface stress analysis has enabled us to correlate
derived B=0.055), corresponding to a root mean squarethe onset of tensile stress in the Fe film with the beginning of
elevation of the surface af=0.5A, which is a quite small second-layer growth. Further experiments are underway to
value for a metal surfac®. This was attributed to the high- investigate the correlation between film structure and film
temperature surface preparation. The roughness is onlstress in more detail.
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