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Surfactant effect and dissolution of ultrathin Fe films on Ag(001)
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The effects of annealing on the structure of ultra thin Fe fi{dhs 10 ML) deposited at 150 K on A§01)
were studied by synchrotron radiation photoelectron diffractibED) and x-ray diffraction(XRD). The
occurrence of a surfactant-like stage, in which a single layer of Ag covers the Fe film is demonstrated for films
of 4—6 ML heated at 500—550 K. Evidence of a stage characterized by the formation of two Ag capping layers
is also reported. As the annealing temperature was increased beyond 700 K the surface layers closely re-
sembled the structure of bare @§1) with the residual presence of subsurface Fe aggregates. The data
illustrate a film dissolution path which is in agreement with recent theoretical mgHdRousseét al. Phys.
Rev. B 60, 13890(1999)].
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The phase immiscibility and the excellent matching be- The results of this paper allow a comparison with recent
tween Ad001) and F€001) unit cells (mismatch 0.8%  models enlightening the temperature-induced surfactant-like
make Fe/Ag growth attractive in the field of low dimension- effect and the dissolution paths of an ultra thin metal film
ality magnetic systems, such as ultrathin filhmapltilayers?2 ~ into a different metal, when both subsurface migration of the
and small aggregatésAt the nanometric scale, atomic ex- deposit and phase separation between substrate and deposit

. 2,23
change processes were found to affect the chemical sharp® favored:
ness of interfaces in films and multilayérdntermixing Details on the ALOISA system can be found elsewtiére.

could be drastically limited at deposition temperatures as low "€ Ag substrate was prepared according to well established
as 140—150 K6 at the expense of a poor morphological procedures. Refle(_:tlon High Energy Electron Diffraction
quality of the film” The film structural evolution induced &S used to monitor the surface order. XPS surveys were

. . . mployed to check the chemical composition of the surface.
.by po;t—grovyth anneallng presents many interesting aspec rapzinyg incidence XPS was also usedpto monitor in real time
involving activated atomic exchange processes and affectlng

; . : . e 2 and Ag P signals during annealing ramps. The
magnet!c properﬂg%.Prewgus expenments, of He 6!”0'. low ample temperature was controlled by thermocouples and by
energy ion scattering on films deposited at 150 K, indicate

he f . ¢ 4 : 4 n optical pyrometer. Iron was evaporated by electron bom-
the I_orméag(())nKo H? shegregate Ag ayle:juporrl] mo ke)regg_ a5ardment, controlling the deposition flix 1.5 A/min) by a
nealing ( ). Higher temperatures led to the embe Ingquartz microbalance. Attention was focused on films in the

of Fe into the Ag matriX? These processes resemble the, 10 ML thi : -
. X - thickness range deposited at 150 K. After deposi-
encapsulation of Rh, Pt and Pd clusters into Cu and Ag surg g P b

f d by Thiel and KaksThe f . ‘ ion the films were annealed up to the desired temperature,
aces reported by Thiel and coworkersThe formation of g, immediately cooling the system for the measurements.
pin-holes extending down to the substrate has been su

. Ye address the reader to Ref. 10 for a detailed discussion of
gested as a precursor stage of the encapsulation pricess

) e ' the annealing protocol adopted. Grazing incidence XRD has
enabling upward exchange diffusion of substrate atoms to thBeen taken on a few films by measuring radial scans across

film surface!* Regarding the Fe/Ag system, we obtained, — — , _ _
information on the subsurface layers composition by ion erotn€ (200 and(220) peaks in the in—plane AQO1) reciprocal

sion depth profiling, a destructive technigifeDue to the !atticg. These measurements yielded the lateral Iattice spac-
limited probing depth of previous investigations, many quesiN9 with a precision of bet.ter tha.n 0.01 A. The vertical struc-
tions remained open about the structure of the buried filnfuré of the pseudomorphic Fe film has been also probed by
and its morphology evolution during dissolution. Here weout-of-plane XRD(rod scai. The(20L) rods of the Ag001)
address this issue by presenting photoelectron and x-ray digubstrate were taken at grazing angle with a photon energy of
fraction experimentsPED and XRD, respectively per- 6000 eV. For each value, an azimuthal scan of the sample
formed at the ALOISA beam lin€EELETTRA, Triests. PED  was performed in order to collect the whole diffracted inten-
provides chemical state specific data on film structure witrsity. The simulations of the rod scans were performed by the
an information depth of several layers. It allows us to charVlieg’s program RODY” PED polar scans were measured at
acterize local order in films which are disordered on a longgrazing incidencgéhy=900-1300 eVp polarization by ro-
range scale and possesses specific sensitivity to segregatiing an electron energy analyzer in the scattering plane.
processe$® Systematic PED measurements have been acFhe notation Ag(Fe) nl(6), will indicate PED scans as a
companied with a few XRD rod scans yielding a better senfunction of the polar angl® from the surface normal, ob-
sitivity to the buried interface and the film long range order.tained by photoemission froml states of Ag[Fe). The pho-
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toemission intensity was collected at the peak energy and at 20x102F T T I T T
suitably chosen energies along the peak tails in order to al- A PED, 6 ML,

low for a subtraction of the background due to secondary deposited at 150K |
electrons. FF will denote forward focusing peaks along off
normal nearest neighbor atomic chains. For the sake of syn-
thesis we will only show data taken with t801) Ag sur-
face direction in the scattering plane.

The computational approach to PED has been
thoroughly described elsewhéfe. In brief, the polar
scans l,{(6) have been compared with calculateg(6)
=180, 0) (1 + xcai( 0). The anisotropy termy..<(6), carry- 12x107
ing information on the arrangement of atoms around the
photo-emitter, was taken proportional to the output generated
by the Multiple Scattering Calculation of Diffraction
(MSCD) package?® Several structural models have been
considered both for the as-deposited and the annealed films.
We varied the number of Fe planes and considered the pres-
ence of one or more Ag layers over the Fe film; intermixed
interfaces were also examined. In all calculations, the in-
plane lattice constants of the fileg, was set to the substrate Polar angle (deg)

valuean,=2.88 A, inferred from in-plane grazing incidence FIG. 1. Fe  (6) and Ag 3 (6) PED patterns obtained on a
XRD, which indicated a pseudomorphic in-plane :structureg;_ro-5 ML Fe fim (upper pangl deposited at 150 K andower

15

10

XPS intensity (arb. units)

XPS Intensity (arb. units)

independently on the |nvest|gat.ed thickness and annealln ne) after annealing at 550 K. Measurements were taken at 150 K
temperature. In fact, the formation of a nonpseudomorphi long the(100 azimuth of the Ag substrate. In both panels con-
Fe film would have yielded side-peaks or shoulders close tQ g . 9 ' b
. - nuous and dashed lines represent the calculdtgd(6) and
the substrate in-plane XRD pea¥swhich were never ob- 1SO tt .
. . calc Patterns, respectively.

served. The isotropic term 1SQ.(6) has been calculated,
taking into account emission matrix elements, electron eswas similar to the as-deposited one. The Ag 86)
cape path, surface roughness and instrumental fattéte-  data, showing a quasi isotropic behavior suggested the
garding as-deposited films, systematic P@d Auger elec- simple physical model of a Ag overlayer. Continuous lines in
tron diffraction measurements, taken along severalthe figure were calculated according to a 1Ag/6Fe/Sub
azimuthal orientations, indicated the growth of Fe films withscheme. The structure of the Fe film was the same as used
a body centered cubic structure and unit cell rotated by 45for the as-deposited film. The two Fe/Ag interfaces were
with respect to the substrate céith brief ™°bcc structurg  assumed sharp. The Fe/Ag distance at the top layer resulted
The body of data resulted in close agreement within dfd=1.70+0.03 A.
literature*21 For films thicker than 5 ML the ratio between  The simulations reproduce rather accurately both Fe and
the vertical and in-plane lattice constams/az, matched Ag patterns supporting quantitatively the assumed structural
unity, as expected for an ideal bcc structure. On the thinneshodel. A careful inspection of the data shows that the isotro-
films the FF peak was slightly shifted from the bcc position,pic part of the Ag pattern did not change significantly with
giving a valuecg./ar.=1.06+0.01 for a 4 ML film. This respect to the as-deposited film. Apart from experimental un-
expansion ofcg, was early attributed to the influence of in- certainties, this finding can be rationalized in terms of inter-
termixing at the interfacé’ Representative measurementsface roughness effects and possible incomplete Ag occu-
on a 6 ML film are reported in the upper panel of Fig. 1. pancy of the surface layer, as suggested by XRD

In the figure, the simulations were generated employingneasurements.
a model with 6 layers of Fg™%cc structurg laying on In this respect, the out-of-plane XRD scans along the
the substrate mimicked by 3 layers of Aig brief 6Fe/Sul (20L) rod are shown in Fig. 2 for a 5+0.5 ML Fe film, as
Concerning the Fe pattern, the simulation was insensitivgaken for the just deposited50 K) film and after annealing
toFethe value of the interlayer distance at the interfaceyt 500 K and 750 K. The lack of interference modulations,
(dag)- The best simulation of the Agp3(6) pattern, showing  rejated to the finite thickness of the as deposited film, is a
a strong attenuation of intensity and significant shapeingerprint of a chemically smeared interface and surface
variations with respect to the bare @91), was obtained roughnesg.Well defined interference fringes appeared after
with d5=1.70+0.03 A. This value, in between A@a;  annealing to 500 K witnessing the formation of a pseudo-
~2.04 'g) and Fe(dge~1.43 A) bulk interlayer spacings, morphic film with smooth and sharp interfaces. It is therefore
enabled the reproduction of the main features of the patterrtonceivable that in this case, the main contribution to the Ag
including the suppression of the FF peak typical of the fccPED signal comes from the surfactant layer and the contri-
structure, at 45°. bution from substrate photoemitters is more efficiently at-

Fe 2 (6 and Ag P (6) patterns obtained on the tenuated.
same 6+0.5 ML Fe film after annealing at 550 K are shown Fitting to the rod scan of the annealed film yielded a
in the lower panel of Fig. 1. The shape of the Fe PED patterrmodel with 4.5 Fe layers covered by one Ag layer, thus act-

115420-2



SURFACTANT EFFECT AND DISSOLUTION OF. PHYSICAL REVIEW B 70, 115420(2004

, ' ' ' ' ' ' 40x10” F . T T T 5
10" = ® deposited 150K ] _ PED. 10 ML oa
, O anneal to 500 K 2 30 ’1 dt 6’00 K "Lc's)
10° 4 A anneal to 750 K g annealed to 5
A . —
A L ]
10 s 5 g 20 .
/5-5‘\ 0 o 4 > [ <
= | e - = i
g 10 e 2 Z 10 8x10"2
e o« 4 L i
= 1 A =
= 10 . Aa, . g
b ¢ faaa Y 4
2 2 Adaa,a AAA N
g 107 - [ ] )]
2 . =
=1 -3 ] 12
= - 15x10
2 10 Y s “ent . 5x102 1
£ sl 162" 14 o* . —
~ 10°H ° =—a * L* - “%
=~ —a F = >
= s —a bulk ° = a9
o107 R —a 1 S »-(‘5)
=0 XRD, 4.5 ML = =
-6 ] o0—0 ' ] N =
10 : . ! ! ! ! o g
02 04 06 08 10 12 14 z Z.
"L" (units of Ag lattice) % <
- &
FIG. 2. XRD scan of thé¢20L) rod of Ag for a 5+0.5 ML Fe f;'
o ¥

film. Measurements taken after the deposition and after annealing at
different temperatures are shown. Modulations in the upper pattern Polar angle (deg.)
arise from the formation of sharp interfaces at both top and bottom
of the film. Fitting to the datgthick full line) yielded the structural FIG. 3. Upper panel: Fgf26) (squaresand Ag2(6) (circley
model sketched in the inset, where filled and open squares represe@PED patterns on a 10+0.5 ML Fe film deposited at 150 K and
the Fe and Ag layers, respectively. The topmost Ag layer is halfannealed to 600 K. Measurements were taken at 170 K along the
filled, and the layer beneath is formed by 1/2 ML of Fe and {100y azimuth of the Ag substrate. Fe and Ag intensity are reported
1/2 ML of Ag. Best fit layer spacings are also reportedA). in the left and right axis, respectively. Continuous and dashed lines
represent the calculatdd,(6) and ISQ. patterns, respectively,
ing like an after-growth surfactant. Due to the limited regionas described in the text. Lower panel: as in the upper panel, but for
of reciprocal space explored, we considered a simple model 6+0.5 ML Fe film after annealing at 800 K.
with a few free parameters. In the model, the three spacings
between the Fe layers from the 1st to the 4th one were fixedndd,3=1.90+0.03 AdfE was set at 1.43 A. The simulation
to the bulk spacing. We applied fitting optimization to the of the Fe 2 data was less satisfactory suggesting that the
film interfaces which mostly affect the rod modulations. Wemodel oversimplifies the physical situation, where the sec-
found an height of 1.6 and 1.8 A for the Ag surfactant layerond Ag layer could be only partially filled.
above the 4th and 5th Fe layers, respectively. This discrep- Upon further increasing the annealing temperature, the Ag
ancy is simply due to the model simplification, where we3p PED patterns gradually approached the one obtained on
have not allowed the relaxation of the 4th to 3rd Fe layebare Ag001). Representative data obtained on the
spacing(see the inset of Fig.)2 The width of the buried 6+0.5 ML film after annealing at 800 K are shown in the
Fe-Ag interface was found to be 1.6 A. The height of thelower panel of Fig. 3. The Ag pattern was reproduced con-
first Ag layer below the Fe film was contracted to 1.9 A. Thesidering the same structural model used to fit the PED taken
same quality fits were obtained by admitting intermixing aton the clean substrai@ot shown, where at least five Ag
the first Ag layer below the Fe filnil0-15%. In this case |ayers are necessary to fit the pattern anisotropy. The overall
the buried interface width was also slightly affectescer-  intensity of the Fe @ pattern presented an appreciable
tainty of 0.1 A). attenuation with respect to the as-deposited film, as well as
In the upper panel of Fig. 3, we show PED data obtainedo the film annealed at 600 K. However, significant aniso-
on a 10+0.5 ML Fe film measured after annealing at 600 Kiropy can still be detected. These findings suggested the
Fe 2 (6) continued to show a bec-like structure, but with an presence of subsurface largely spaced Fe aggregates of small
increased anisotropy along the normal direction. The Ag 3 lateral size. Similar effects were also observed from XRD,
(6) data show faint features at 0%10°, ~20° and a huge where the rod scan taken after annealing to 75(fiked
peak at 44°, indicating the formation of two Ag surfactanttriangles in Fig. 2 yielded a smooth decay due to the disrup-
layers. The addition of a second Ag surface layer togethetion of the subsurface Fe film. This rod scan is indicative
with optimization of thedég distance at the interface and of of either Fe dissolution in the Ag matrix or fragmentation of
the d}? distance between the first and second Ag layerthe Fe film into small clusters of irregular size and spatial
yielded a satisfactory simulation of the Ag PED pattern. Thedistribution. In order to get more information on such aggre-
lcalc CUrVes, superimposed to the data of Fig. 3, were calcugates from PED data, we explored simpNag/MFe struc-
lated considering a 2Ag/7Fe model widﬁg:l.7310.03 A tural models in whichVl layers of Fe(for simplicity with a
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bcce structurgwere buried belowN layers of Ag(with inter-  the system passes through a surfactant like stage, with the
layer distancedﬁg). A sharp Fe/Ag interface was considered formation of successiveB/A/A/---/A/B, B/B/A/A
with interface spacingi?l. In the caseM=6, i.e., assuming /---/A/B and B/B/B/A/A/---/A/B profiles. The excellent
for aggregates the same nominal thickness of the asagreement between the data of Figs. 1 and 2 with
deposited film, a qualitative agreemegmiot shown could a 1 Ag/Fe/Fe/--/Fe/Sub model nicely demonstrates the
be obtained witiN=1 or 2. The agreement became definitelyoccurrence of theB/A/A/../A/B stage. Note that the
worse with larger values oN. Upon ~800 K annealing, MSCD simulations provide a reliable indication that the lo-
the geometrical model describing the Ag PED patterncal structure of the Fe film remains substantially intact, in
(five or more Ag layers on Bedid not fit to the Fe PED agreement with the model which predicts a negligible loss of
pattern at all. The latter was fairly fited by a 2Ag/8Fe deposit matter into the bulk at this stagfdn addition, XRD
model, dﬁg:1.87io.03 A,d29=1.67+0.03 A(full lines in  rod scans indicate that the formation of the first Ag surfac-
Fig. 3). Thus, the analysis of a PED pattern confirms, on aant layer does not involve a fragmentation of the Fe film.
quantitative ground, the residual presence of subsurface Heather the film is ordered to a uniform thickness in the early
clusters. While we have no indications about the cluster sizegnnealing stage and this order is preserved during the segre-
a Fe occupancy of-0.1 can be estimated from the ratio of gation of the first surfactant layer. Data of Fig.(Gpper
the Fe 2 intensities between the 800 and 600 K annealegane), representing a physical situation mimicking the
films (in the latter case, the Fe film, covered by two AgB/B/A/---/A/B stage, add further confidence about the
layers, seems not yet fragmented agreement of our results with the model. The data of Fig. 3
Our data can be rationalized in light of recent theories or(lower panel illustrate a clear trend towards film dissolution,
the dissolution of ultra thin metal film into a metal substratewhich appears in qualitative agreement with the final stage
which enlightened different routes depending on thepredicted by theory, i.e., the total disappearance of deposit
physical-chemical coupling of the depoéi) and substrate species down to the tenth substrate layer, Tor T.. Re-
(B).2223When A and B present a tendency to bulk ordering,sidual Fe clusters in the PED data for the highest annealing
the dissolution can be blocked by the formation of AB sur-temperature is the only deviation of our data from the
face alloys. In case of a tendency to A/B phase separatior§LBLD model, possibly due to specific details of the present
dissolution paths will critically depend on the A and B sur- system surface energies or to experimental limitations. For
face energies. The case of interest here, in which B atomexample, oxygen impurities tend to locally lower the surface
show a stronger tendency to surface segregation than A agnergy of the film, therefore acting as surfactant spéties
oms as for Fe/Ag or Ni/Ag systeméwas illustrated in Ref. competing with Ag. Although the present results do not al-
23 on the example of a 10 ML deposgichematically indi- low us to get direct information concerning the atomic pro-
cated asA/A/---/A/B). According to calculations, if the cesses driving the segregation of consecutive Ag layers, our
temperature is raised beyond a threshaold dissolution pro- data are compatible with the mechanism of upward Ag dif-
ceeds through the so called surfactant-layer-by-layefusion at the walls of pin-holes which put in communication
(SLBLD) mode. In this regime, on a short range time scalethe substrate with the surface of the fitdr4
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