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Ultrathin Pt films on Ni (111): Structure determined by surface x-ray diffraction
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The growth of platinum on a nické€l11) single crystal under ultrahigh vacuum conditions was studied using
surface x-ray diffraction on the ID03 beamline of the ESRF. Film thickness ranged from one to eight mono-
atomic layergML). Specular reflectivity was used to determine the growth mode and vertical lattice parameter
of the Pt film. A two-dimensional2D) growth up to 1 ML followed by more 3D growth was found. A small
expansion of the Pt vertical lattice parameter was found. The Pt in-plane lattice parameter was measured. Its
relaxation was found to be very slow, with a residual contraction of 2.3% in an 8-ML-thick(\iith respect
to bulk Py. A Ni crystal truncation rod measured before and after growing 1 ML of Pt revealed the presence
of a small amount of pseudomorphic Pt, adsorbed on both fcc and hcp sites. The stackind.bf)tReé planes
was investigated by measuring stacking-sensitive Pt diffraction rods. A strong tendency to stacking reversal
was found at room temperature, with an amount of “reversed” Pt about ten times higher than the amount of Pt
with the same stacking as the Ni. An eight-layer Ni film oi1R1) was also studied for comparison.
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INTRODUCTION theoretical studie$~2* Concerning multilayers, a detailed
structural study was published by Staigeral?® These au-
The Pt-Ni system has recently attracted atterttiddue to  thors examined, using high resolution transmission electron
the perpendicular magnetic anisotropy observed in Pt-Nmicroscopy (HRTEM), Pt-Ni multilayers grown by UHV
multilayers. This property makes this system a potential canevaporation (X 10 ° Torr) on mica substrates covered by
didate for high density magnetic recording. From a comparia Ru buffer layer.
son of Pt-Ni multilayers grown by different methoddc In this paper, we present experimental results concerning
magnetron sputterifg—® or e-beam evaporatidrf), it is  the following points. First we address in detail the morphol-
clear that the magnetic properties strongly depend on thegy of a Pt film grown on a NL11) single crystal, giving
structure of the films and interfaces that constitute theprofiles of the occupation of the different Pt planes, at differ-
multilayer. To elucidate the correlation between the magnetient stages of the growth.
and structural properties, a detailed description of the struc- Second, we examine the question of the strain in the Pt
ture of the Pt-Ni interfaces is needed as a preliminary stepfilm. We show that the Pt contains a nonpseudomorphic part
In this paper, we present a structural study of one of thet all stages of the growth, and we present the evolution of
“single” interfaces found in the multilayers, which is the the lattice parameter of this nonpseudo part. We then try to
interface obtained by growing Pt ¢f11) Ni. Our study was estimate how much of the Pt is pseudomorghtie., with the
done usingin situ surface X-ray diffraction(SXRD),!1°"®  same in-plane lattice parameter as the. Me find, in con-
with a Ni(112) single crystal as the substrate. Results are alstrast with a former LEED study, that the amount of pseudo-
presented concerning the other “single” interface, obtainednorphic Pt is significantly lower than 1 ML. This may be
by growing Ni on Pt111). These results evidence a strong important for theoreticians who used the existence of a
asymmetry between the two interfaces, in particular regardpseudomorphic monolayer as a starting point in their
ing the stacking sequence of thkl1) Ni planes. calculations™
The growth of Pt on a NL12) single crystal under ultra- Third, we examine the stacking of tli#11) planes of the
high vacuum(UHV) conditions has already been the subjectPt, finding as an interesting result that the dominant stacking
of several studies. Barnaet al’ studied the first stages of in the Pt is the mirror image of the Ni stacking. For the
the growth at 110-140 K by low energy electron diffractionreverse case of a Ni film on @fl1), in contrast, the domi-
(LEED) and Auger electron spectroscof4ES). They also  nant stacking in the Ni is the same as for the Pt. This
investigated the structures obtained by annealing thin Panomaly of stacking, although already noticed by Staiger
films on Ni(111), by the same techniquésand by photo- et al,?® was never taken into account by theoreticians mod-
emission of adsorbed xendhDeckerset al!® also studied eling the Pt-Ni system. An anomaly in the adsorption site
the growth and annealing using LEED, AES, Rutherford(fcc instead of hcpfor Pt adatoms on N111), which could
backscattering spectroscopy, and Auger depth profilingbe a “precursor” of the stacking reversal, was already pre-
Romeoet al?° studied the first stages of the growth at roomdicted theoretically by Castellaet al,** but the authors dis-
temperature(RT) using photoelectron spectroscopy. Theregarded this result in the rest of their paper. In addition to
growth of Pt on N{111), and the structures obtained by an- the potential theoretical interest of trying to understand the
nealing the Pt films, have also given rise to a number obrigin of the stacking reversal, the taking into account of the
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stacking anomaly may be important when trying to predictBragg peak, and 0.06° on tti@ 1 0.5 Pt CTR point. Ni was
the magnetic properties of the multilayers. In a previousdeposited using ae-beam evaporataiOmicron. The depo-
paper’® we proposed that the stacking anomaly may contribsition rate was calibrated by estimating the thickness of the
ute to the perpendicular magnetic anisotropy in Pt-Ni multi-Ni film from the out-of-plane width of the N012) Bragg
layers. The idea was that the change of stacking from one Nieak[ 1 ML Ni(111)= 8 min].
layer to the next creates a sort of “polytypic” Ni-Pt alloy, The x-ray energy was fixed around thelRt absorption
with a hexagonal symmetry andcaxis perpendicular to the edge (11564 eV}, except otherwise specified, to allow the
multilayer stack, and that thisaxis should be an easy mag- simultaneous magnetic characterization by resonant mag-
netization axis. netic surface x-ray diffractioff ~3° The main results of the
Fourth, we examine a surface Pt-Ni alloy obtained bymagnetic study were already presented elsewtfehe.the
annealing a four-layer Pt film on Nill), and deduce an calculation of the structure factors along the diffraction rods,
approximate Pt concentration profile near the surface. we take into account, when necessary, the reduction of the Pt
Fifth, we discuss our results concerning the strain in theatomic scattering factor due to the proximity of the LRt
Pt in the light of the theoretical studies. Finally we presentedge. The values we use for the anomalous corrections are
the conclusions. the ones given in Ref. 31, with an averaging to take into
account the energy resolution of the monochromator. At the
resonance energy, the Pt atomic scattering factdipisy)
=fp(q) — (19.84+8.25Xi), where q is the momentum
transfer, and py () is the usual Pt scattering factor, as given
The experiments were performed on the ID03 surface difin the Rob program??~* and the International Tables of
fraction beamline of the ESRFGrenoble, Frande which ~ X-Ray Crystallography*
was previously described in detafl. The UHV chamber For the description of the results, it is important to give
(base pressure>210 1°mbar) is mounted on a six-circle more precision on what we call a “monoatomic layer.” A
diffractometer. It is equipped for sample preparation by sputfirst quantity we will use is the *amount of Pt), expressed
tering and annealing, for Pt and Ni deposition, and for surin ML, which is simply the total deposition time divided by
face chemical analysis by AES. Two beryllium windows al- the time that it takes to deposit the first layer of(&bproxi-
low the entrance of the incident x-ray beam into the chambernately 35 min. When fitting diffraction rods, and giving
and the exit of the beam diffracted by the sample. The prepa‘alues of the occupations of the different atomic planes of
ration of the Pt films and the measurements by surface x-rathe Pt film, we will use a more convenient unit, “Ni-ML.”
diffraction were performedn situ, under UHV. A commer- One Ni-ML corresponds to the number of atoms per unit of
cial Ni(111) single crystal was usetMatecK. It was (111)  area in a111) plane of bulk Ni, 1.86< 10'> atoms/cmi. The
oriented within+0.1°. It was prepared by cycles of sputter- number of atoms per unit area contained in @eenplete
ing at RT and annealing to 750—800°C. Rocking curveatomic plane of Pt, i.e., its surface atomic density, of course
widths were typically 0.04° on thé101) Bragg peak, and depends on the Pt in-plane lattice parameter. In particular, it
0.3° on the(0 1 0.5 antiphase point of the Ni crystal trun- is not necessarily the same for the top and bottom of the film.
cation rod(CTR).** Here we describe the reciprocal spaceFor pseudomorphic Pt, i.e., Pt with the same in-plane lattice
using the(H K L) Miller indexes corresponding to the parameter as Ni, the atomic density is one Ni-ML. ELtl)-
Ni(111) surface unit cell. The lattice vectors of the surfaceoriented Pt with the in-plane lattice parameter of bulk Pt, the
unit cell area; =% [1-10], a,=3 [0—11], andag=[111]. atomic density will be 0.807 Ni-ML, taking into account the
This givesa; =a,=ay;/v2, andaz=v3.ay; for the lengths +11.3% lattice mismatcH = (ap—ay;)/ay;] between Pt
whereay;=3.5238 A is the bulk lattice parameter of Ni.  (ap=3.9231 A) and Ni &y;=3.5238 A).
The cleanliness of the Ni surface after preparation was
checked by Auger electron spectroscopy. The carbon 272-eV

I. EXPERIMENT

and oxygen 510-eV peaks were typically 6% and 3% of the Il. RESULTS

Ni 848-eV peak for our “clean” surface. Pt was deposited i

using ane-beam evaporataOmicron. The depositions rate A. Morphology of the Pt films

was calibrated using a quartz microbalafdeML Pt(111) In this section, we address the morphology of the Pt films

=27 min] and Auger electron spectroscopy (1 ML Pt grown at RT. From our data, we propose a description of the
=35 min) performed during the growth of Pt on(11). A progressive filling of the different Pt planes during the
small oxygen contamination was detected by Auger after thgrowth. This is a “vertical” description, i.e., we do not have
Pt deposition. The Ni sample was either at RT or at 150 Kinformation concerning the lateral morpholo¢n-plane is-
during the Pt deposition. The main study was the growth ofand size, inter-islands distange$or getting this descrip-

Pt on Ni111). A shorter study was performed for comparisontion, we use measurements of the specular reflectivity at
on a 8-ML Ni film deposited at RT on a @1L1) single crys-  “high” angles. This means that the angle of incidence of the
tal. The Pt single crystal was prepared by cycles of sputterx-ray beam with respect to the surfage,is above 2°, i.e.,
ing, annealing under vacuum at 800 °C, annealing undemuch larger than the critical angle for total external reflec-
10~ %-mbar oxygen at 800 °C to remove the carbon contamition. The scattering geometry is with the angle of incidence
nation, and short annealing at 1000 °C to desorb the oxygem equal to the angle of emergengeof the diffracted beam
Rocking curve widths were typically 0.01° on tH@01)  with respect to the surface. The incident beam and the
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FIG. 1. Evolution of the intensity at the antiphase point on the
specular, during Pt deposition on(lili1) at RT. Solid line: experi-
ment. Dash-dotted line: calculation, perfect layer-by-layer growth.
Dashed line: calculation, imperfect growth model.

diffracted beam are in the same plane as the normal to the
surface of the sample. A scan increaspagvith ©= vy is the
equivalent of the standard-26 reflectivity scan, or of a
L-scan along the (@0 rod (also called the specular rpd
Such a scan crosses the (134 (003)syrface@nd (222
=(006)stace Ni Bragg peaks. The intensity distribution
alongL in between these Bragg peaks contains information
about the vertical profile of electronic density in the sample.
This means information about the surface roughness for the
clean Ni surface, and about the film thickness, film rough-
ness and Pt perpendicular lattice parameter, for the Pt films
on Ni. Some insight into interface roughness and Pt-Ni in-
terfacial distance is also accessible, but only for rather thin
films, when a good interference between the Pt scattering
and the scattering by the last Ni plane can be obtained. FIG. 2. (a) The specular rod measured at different stages of the

Here we used two types of measurements. First we monigrowth of Pt on Nj111) at RT. Dashed lines: clean Ni. Solid lines:
tored the intensity at the anti-phase positior0 1.9 during  Ni+Pt. The Ni Bragg peaks are &t=0, 3, and 6. The Pt Bragg
the growth(Fig. 1). This kind of measurement gives growth peaks build up at =0, 2.7, and 5.4. For large film thickness, thick-
oscillations, similar to reflection high energy electron diffrac-ness fringes are visible around the Pt peaks. Calculation for
tion (RHEED) oscillations, due to an alternation of the high ¢lean Ni and the =2 ML" situation.
surface roughness and low surface roughness, as the succes-
sive Pt layers get half-filled then filled. Second, we measuregtariation in thez positions of the Pt planes from one Pt grain
L scans along the (@) rod for different Pt thicknesses, to the other, can affect diffraction features very differently
interrupting the growth during the measurements and restartiepending on whether these features are at high or low dif-
ing it afterwardgFig. 2@]. TheL scans were then analyzed fraction angles. It is out of the scope of this study to enter
using therobp prograni>*3to find the parameters of the Pt into this sort of “disorder analysis” or into an analysis of the
film at the different stages of the growth. This leads, for eactstrain distribution in the Pt films. We will limit ourselves to
Pt thicknes®, to an ensemble of “XRD occupation rates” of presenting the occupation rates derived from the simplest
the different Pt planes, expressed in Ni-ML. model: only “missing Pt"-type disorder, and uniform verti-

It is important to note that, for each Pt plane, the “XRD cal Pt lattice spacing over the whole film thickness. In prac-
occupation rate” results from at least three different physicalice, all our data on the specular rod lead to a maximum
phenomena: first the “filling” of the plan¢how incomplete “XRD occupation rate” of the Pt planes, equal to 6:6.1
it is); second, the degree of strain in the pldite in-plane  Ni-ML. Among the 0.4 “missing” Ni-ML, 0.12—-0.15 can be
lattice parametey and last but not least, the degree of “dis- accounted for by the lattice parameter on the Pt layer, and
order” of the film. While the effect of the first two phenom- 0.25-0.28 we attribute to a “missing-Pt” type disorder in the
ena on the diffraction features is simply the same as th&t(as a first approximation
effect of an occupation rate, the effect of “disorder” is mul- ~ We will first discuss the “growth curve’(Fig. 1). The
tifold and strongly depends on the type of disorder involved experimental curvésolid line on Fig. 1 is typical of a layer-
Highly defective or nonepitaxial regions will just act as by-layer growth of the first Pt layer, followed by a less per-
“missing Pt,” but more subtle forms of disorder, such asfect growth of the next layers, as evidenced by the damping
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Pt planes deduced from the fitting of thescans are given in

a— (a) Fig. 3. The fit is qualitative, since only line scans were mea-
| sured, and not rocking scans at eacfhe visual fitting was

8 — done on the following criterig: relative intensit'i(.as of the rpd
: - before and after the deposition of Pt, the position and width
4 Er—— of the Pt Bragg peaks, and the number of visible oscillations

S —— around the Pt Bragg peaks. FigurdPshows as an example
the calculated rods for clean Ni and th@=2 ML" situa-

] | (b) tion. The fits could be done with zero Ni roughness, meaning

Saesas sl .\\\l\“ | that there is no or little interdiffusion at the Pt-Ni interface.

! The Pt-Ni interfacial distance was fixed at 2.15 A, which is

I
0 S0 100 half the sum of the Pt-Pt and Ni-Ni bulkl1]) interplane
. ) . _ distances. The Pt-Pt interplane was fixed at the bulk value for
FIG. 3. “XRD occupation rates” of the different Pt planesx-  |oy thicknesses, and fitted for larger thicknessesgAB, 4,
pressed in percentage of the maximum, 0.6 NijML the dlfferent and 8 ML, it was found to be slightly larger than the value
stages of the growth, as deduced from the growth ciRig. 1) ¢ 1,1k Pt (100.8%, 100.8%, and 101.2% of the bulk value
[marked “(1)” ] and from the analysis of the (D) rod (Fig. 2 (2.2650 &), at 3, 4 a;nd 8 ML ,respectiverThe shape of the
[marked “(2)" ]. Occupations smaller than 1% are disregardad. ) P ’ : FTECRE
White: 8 ML (2): gray: 4 ML(2): black: 3 ML (1). (b). White: 2 ML ¢ 0ccupation profile, a complementary error functior,
(2): white+ pattern: 2 ML(1): gray: 1 ML (2): gray+ pattern: 1 ML was flxeq, and its pararr_]eters, a thickness an_d a roughness,
(1)f black: 0.3 ML (1 and 3’ ' were adjusted. As mentioned above, the maximum occupa-
' T ' tion of each Pt plane was fixed at 0.6 Ni-ML. The “XRD

of the oscillations. For comparison, in Fig. 1 we plot the Occupation rates” in Fig. 3 are given as a percentage of this
calculated growth curve for perfect layer-by-layer growthMaximum occupation. From Fig. 3, we can note that the film
(dot-dashed line This curve has been calculated with a iS @lmost two dimensional d@t=1 ML (first plane filled, sec-
maximum occupation of each Pt plane of 0.6 Ni-ML. Theond plane occupied at 20%, third plane emptat 6
calculated growth curve shows that the much smaller height-8 ML, 6 of the planes are filled, and the occupation drops
of the second maximum, compared to the first maximum, ig0 less than 5% between plane 7 and plane 11, meaning a
an interference effect, and not something due to the start ¢#0od flatness of the film. _ _
imperfect growth. In contrast, the small height of the third These results compare well with the ones obtained by
maximum in the experimental curve is clearly a sign of im-Barnardet all’ using AES: these authors also found that the
perfect growth, since this maximum is very high for layer by first Pt layer grows in a layer-by-layer moget 110-140 K
layer growth. We can therefore say that the transition beand that the growth afterwards was less perfect. In fact we
tween layer by layer growth and three-dimensiofaD) also measured the evolution of the main Ni and Pt Auger
growth occurs after the completion of the second Pt layer. A€aks during the growth, and find results similar to those of
nuance to this statement must be made, since the experimeRarnardet al. There is a clear break in the rise of the Pt
tal curve presented variations from one growth to the other{45-€V) peak at t=35min, which corresponds to the
with the second maximum often missing. This means thagompletion of the first layer. The time=35 min is also the
sometimes the 3D growth starts earlier, before the completime needed to reach the first maximum of the x-ray growth
tion of the second Pt layer. To illustrate the effect of ancurve (Fig. 1). The good flatness of the Pt films and of the
imperfect |ayer-by-|ayer mode on the growth curve, in F|g lPt-Ni interface that we obtain agrees well with the HRTEM
we added the calculated growth cur(@ashed ling for an images of Staigeet al?® These images show that molecular
empirical growth model where the interlayer transport ratdeam epitaxy (MBE)-grown Pt-Ni multilayers on Ru-
(for atoms descending the st¢ds constant and equal to covered mica present well-defined layers and flat interfaces,
150/r up tot= 7 (#=1 ML), then decreases exponentially to €xcept for a “rippling” of the multilayer on a lateral scale of
0 with a time constant of 055 7 being the time to deposit 400 A, associated with a columnar structure, with thinner
one Pt layer. This curve is clearly closer to the data than thélefective zones between the columns. Another example of
one of layer-by-layer growth. The “XRD occupation rates” good flatness of both Pt and Ni layers in Ni-Pt multilayers
of the different Pt planes at=0.3, 1, 2, and 3 ML for this MBE grown on glass, is provided by Wilhelet al* They
model are given in Fig. 3. observe, using specular x-ray diffraction, the first-order
We will now discuss the scans along the (Oo'od In multi|aye_l’ Sate”ite peak_ on a multil.ayer W|th Pt and Ni |a.y-
Fig. 2(a), we have shown th& scans along this rod a2 €rs as thin as two atomic layers gRK). To summarize, our
=0.3, 1, 2, 4, and 8 Ml(solid lines, each compared with the Pt films present a good flatness, at least for the well-oriented
L scan on the clean Ni. One can follow the buildup andPart _of the Pt..Abou_t 25% to 28% of the Pt is disordered, i.e.,
narrowing of the Pt peaks aroutid=2.7 and 5.4, as the Pt invisible for diffraction.
lattice forms and the Pt thickness increases. The presence of
strong oscillations even at 8 ML indicates that the Pt film
stays relatively flat, in spite of the rapid damping of the
growth oscillations at the anti-Bragg position during the In this section, we show results concerning the existence
growth(Fig. 1). The “XRD occupation rates” of the different of pseudomorphic Pti.e., Pt with the same in-plane lattice

B. Strain in the Pt film
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S

parameter as the Niand concerning the evolution of the
lattice parameter in the non-pseudomorphic part of the Pt. A
very common point of discrepancy between LEED studies
and SXRD studies concerning adsorbate growth, is the
amount of pseudomorphic adsorbate that can be grown on a
given substrate. Except when a LEHBV analysis is per-
formed, the amount of pseudomorphic adsorbate found by
LEED observations is usually higher than what is found by
SXRD. The reason for this is that the broad and weak peaks
due to small domains of nonpseudomorphic adsorbate are
very difficult to detect on a LEED screen, especially when 0.9 H 10
they are in the vicinity of intense substrate peaks. One often
only sees an increase of the diffuse background of the LEED, FIG. 4. Radial in-plane diffraction scan aroundHKL)
and the adsorbate is classified as pseudomorphic, in the ab-(—1 0 0.5) showing the sharp Ni CTR Ht=—1, and the broad
sence of contradicting information. In contrast, with SXRD, Pt rod due to nonpseudo Pt aroudd= —0.94. The vertical line at
the large dynamic range available, especially with synchroH = —0.9 indicates the expected position for the Pt peak for Pt at its
tron radiation, enables to easily detect the peaks of nongsulk lattice parameter. Dashed line: clean Ni. Solid line: Ni
seudomorphic adsorbate, even in the very first stages of the0.3 ML Pt. A clear peak of nonpseudo Pt is already preseit at
growth. In addition, with SXRD, the measurement of the=0.3 ML.
substrate’s crystal truncation rodwhich are analogous to
the LEEDI-V curves except that they are much simpler toformed at#=0.3 ML, already shows that nonpseudo Pt is
calculate provides a definite way to quantify the real amountpresent much before the first Pt layer is completed.
of pseudomorphic adsorbate. Thanks to the coherent interfer- In order to determine more precisely the moment at which
ence of the scattering from the substrate with the scatteringonpseudo Pt appears, we monitored the intensity of the non-
from the pseudomorphic adsorbate, the analysis of the sulpseudo Pt Bragg peak &+0.93 0 0.9 during the growth.
strate’s CTR yields an amount of pseudomorphic adsorbat@he intensity started to rise as soon as the deposition started,
that is an absolute value, without scaling factor, since themeaning that nonpseudo Pt is present from the beginning:
scattering by the substrate serves as an “internal referencethere is no stage of “pure pseudomorphic growth.” The crys-
Further discussion about the analysis can be found in Refalline quality of the nonpseudo Pt is rather good considering
37. The case of Pt on Kill) is a typical example of this the large lattice mismatch with the Ni: the lateral size of the
discrepancy between LEED and SXRD: Barnatdl!’ an- Pt domains, as derived from the width of the Pt peak along
nounced that the first Pt layer was pseudomorphic, based dhe H scans(such as the one of Fig. 4varies between 100
visual LEED data. Here we show that in fact non-and 170 A. The exact domain size varies slightly with the Pt
pseudomorphic Pt appears from the beginning of the growththickness, but without clear systematic trends: it can either
We find that there is effectively some pseudomorphic Pt, buincrease or decrease with increasing Pt thickness, depending
that it amounts to less than 0.3 Ni-ML, as will be shownon the details of the growtfinumber of growth steps and
below. waiting time between two stepsThe in-plane domain size
From Barnardet al,!’” Pt is known to grow on Nil11)  did not change when growing at low temperat(t&0 K)
with a parallel epitaxy. This means that the Bragg peaks of Pinstead of RT(120 A for a 4-ML film grown in one step
are going to appear aH(K L) values which are 0.9 times The mosaic of the Pt is also rather good: the width of dhe
the (H K L)’s of the Ni Bragg peaks, assuming that the Ptscan around the Pt peak @t0.92 0 0.5 varies between the
has its bulk lattice parameter. Here we use the term “nonpvalue expected from the in-plane domain sizef¢=1.12°
seudo Pt” to designate nonpseudomorphic Pt that grows witfor AH=0.018 andd=120 A) and 0.5° in excess of this
the parallel epitaxy(or with the epitaxy deduced from the value. This means that the Pt mosaic varies between about
parallel one by a mirror with respect to the surface, see Se@.1°(which is the error barand 0.5°, depending on the exact
[ C). The average lattice parameters of this nonpseudo Pt atgrowth conditions.
expected to vary during the growth. In order to detect the Concerning now the state of strain of the nonpseudo Pt, a
nonpseudo Pt, we performed radial in-plaihe=0.5) scans point that is clear from Fig. 4, is that the nonpseudo Pt grow-
along the(—100) direction, such as the one shown in Fig. 4.ing on Ni is far from having reached its bulk lattice param-
Here the scattering geometry is with fixed incident angle eter: the Bragg peak from nonpseudo Pt should in theory
(u=1°). For ascan at small constaht such as this one, the appear atH=—-0.9, and in practice it appears centered
angle of emergenceg is almost constanfand small, while  aroundH= —0.94, meaning that the Pt in-plane lattice pa-
the anglefs of rotation of the sample around the surfacerameter is intermediate between the value for bulk Ni and the
normal, and the anglé of rotation of the detector around the value for bulk Pt. UsingH scans analogous to the ones of
same axis, vary with approximatel§=26s. In Fig. 4, Fig. 4, performed at differerf's, we measured the evolution
which compares the scans before and after deposition of Pbf the Pt in-plane lattice parameter during the growth. The
one can see a sharp peakkHat —1, due to the crossing of results are displayed in Fig. 5. This figure shows that Pt
the Ni (—10L) CTR, and a broad peak aroumt=—0.94, relaxes very slowly towards its bulk lattice parameter: for
due to the crossing of the Pt rod. This scan, which was per§=8 ML, the Pt is still contracted in plane by 2.3%. From

Intensity (arb. units) &
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o_\
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FIG. 5. Evolution of the Pt in-plane lattice parameter during the
growth on N{111) at RT, for the nonpseudo part of the Pt. Even at
0=8 ML, the Pt is always contracted with respect to its bulk pa-
rameter.

intensity (arb. units)

0.3 ML Pt

102! normal 3 ML Pt normal
Sec. I A we can remark that this in-plane contraction is ac- 1 reverse (exp.)
companied by a small out-of-plane expansion of the Pt lattice 1 reverse
parameter(+0.8% at 4 ML, +1.2% at 8 ML). This out-of- 10" 1(c)
1

plane expansion rules out the possibility that the in-plane !
contraction would be due to Pt-N alloying. Indeed, alloying 1
would produce an isotropic contraction, i.e., in plane as well ]
as out of plane. The presence of an out-of-plane expansion T T

can be explained by the expected tendency of the Pt unit cell L
to conserve its the volume during an in-plane expansion in- , .
duced by the lattice mismatch with the Ni. FIG. 6. (@) and (c) Comparison between the Ni (DL CTR

It is interesting to note here that the Pt onMil) and the beforg (dashed lingsand after(solid Iine_) the _deposition of Pt,
Ni on P{111) do not behave at all in the same way from thesr.IOWIng the presence of pseudomorphic Pt, in the Pt growing on
point of view of strain relaxation. SXRD measurements thatN'(lll) aURT.(a) Is at 11.5 Kev/(c) at 17 KeV, allowing a larget

. . o - range. A few “unexpected” peaks are present: the onds=at and
we did on an eight-layer Ni film deposited on(F11) show 4 are due to imperfections of the bulk lomains with a reversed

that the Ni in-plane lattice parameter is equal to the bquStacking of the(111) planes; see Sec. I)CThe one at.=3 is a

value. This means that N' deposited on Pt relaxes_muc armonic of thg039 Bragg peak(b) shows the calculated rod: Ni

faster towards its bulk lattice parameter than Pt deposited OBnly (thick dashed ling Ni+0.3 Ni-ML 2D pseudomorphic Pt

Ni. ] ) (thick solid ling, Ni+1 Ni-ML 2D pseudomorphic Ptthin solid
Having discussed the nonpseudo Pt, we now turn to thgne), Ni+0.26 Ni-ML 3D pseudomorphic Rthin dashed ling We

question of whether there is some pseudomorphic Pt growingssumed a 50%-50% mixture of fcc and hcp sites for the calcula-

simultaneously with the nonpseudo one. In order to answetion. The amount of pseudomorphic Pt is clearly lower than 1 Ni-

this question, we measurédscans along a Ni CTR, where ML.

an interference between the scattering by the Ni and the scat- ) ] ) ) o

tering by the pseudomorphic Pt is expected to occur, if the intensity around. =0 in the datgsee Fig. 6], itis

pseudomorphic Pt is present. Figurgs)éand Gc) show a clear tha't.a rgalaxat|on 'of thg Ni is not sufficient to desc'rlbe

comparison of the Ni (01) CTR before and after the depo- the modifications. An interdiffusion would have, in a first

sition of 1 (a) and 3c) ML of Pt. These measurements are 2PProximation, the same effect on the Ni CTR as an increase
) . , o of roughness, meaning a general decrease of the Ni CTR,

again performed in a fixed incidence geometry. On such an

: . with the largest decrease at the “anti-Bragg” positions. Since
scan, th? angle that varies the most is the_ emergence anglethe data show an increase of the intensity nearl.5, an
of the difiracted beam. The sample rotatigg and the de- o qiffusion alone is not sufficient either to describe the

tector in-plane rotatios vary only slightly. One can see that 1 ifications. Combining a 0.12-A outward relaxation of the
the Pt deposition induces modifications of the Ni CTR. Suchzst Nj plane and a 10% decrease of occupation of the last Ni
modifications can in general be due to several phenomengjane(to mimic the interdiffusiongives the right tendencies,
and not only to the presence of pseudomorphic Pt. We thergyt not the right shape arouid=0. Unless the Pt deposition
fore checked if they could be attributed to one of the twoinduces a rather complicated modification of the Ni surface,
“straightforward” causes not involving pseudomorphic Pt it therefore seems reasonable to propose that there is some
which are a relaxation of the Ni surface, and an interdiffu-pseudomorphic Pt. Anomalous scattering measurements near
sion between Pt and Ni. A relaxation, i.e., a change of thehe Pt edge on the Ni CTR would be a definitive check for
z-position of the last Ni plane, would give an asymmetry ofthis.

the Ni (01L) CTR around the Bragg peak hAt=2, but not From now on, we make the hypothesis that the modifica-
change arountl =0. As there is a decrease by a factor of 10tions of the Ni CTR do come from pseudomorphic Pt. Con-
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cerning the amount of pseudomorphic Pt, one can say th}, The structure is a 50%-50% mixture of “fcc site
the relative weakness of the modifications of the Ni CTRs is+ normal stacking” and “hcp site reversed stacking{see
rather misleading. At first thought, given the much largerSec. 11 O.

number of electrons of Pt compared to Ni, one would expect We can get some insight on what happens to the pseudo-
to get a large increase of the Ni CTR, even for small amountsnorphic Pt afted=1 ML by comparing Figs. & and &c).

of pseudomorphic Pt. With this kind of reasoning, we wouldThe Ni CTR continues to evolve betwe®s1 and 3 ML,

say that, from our data, the amount of pseudomorphic Pindicating that pseudomorphic Pt continues to grow. The fact
must be almost negligible, less than 0.1 ML. At secondthat the Ni CTR passes below the one for clean Ni on both
thought, however, it appears that this interpretation holdsides of the Bragg peak at=2 indicates that the pseudo-
only if all the Pt atoms sit on fcc sites of the Ni surface. If the morphic Pt becomes more “3D.” Here we do not have the
Pt atoms are allowed to occupy indifferently fcc or hep sites data(typically a continuous monitoring of the Ni CTR inten-
the interference effect due to Pt on the Ni CTRs will be muchsity during the growththat would allow to say exactly when
smaller. This is because the scattering from Pt atoms on fc1® PSeudomorphic Pt stops growing.

sites interferes coherently with the one of Pt atoms on hcp

sites, and there is a large phase shift between these two scat- C. Stacking of the (111) planes in the Pt

terings(at least on this particular CTIRso that the interfer-
ence is mostly destructive. In other words, we can say thaﬁ1

the presence of a mixture of fcc and hcp sites in the first ng Pt on N{111). We will also show that this is not true

plane tends to destroy the interference between Pt and Ni AMhen growing Ni on Ril11): here the dominant stacking in

the Ni CTRS' This is tr_qe of course °”'¥ for CTRs like the yoo N film is the same as in the Pt substrate. From the point
(O1L), which are sensitive to the stacking of the (1*5_%) of view of the stacking of thg111) planes, our Nil1l)
planes: the (1) rod would be insensitive to this effe_%,&t. ~ single crystal contains two twins: a dominant one, which we
Our data here are too limited to attempt a determination ofg|| “normal,” that has anABCABC.. stacking of the(111)
how much of the pseudomorphic Pt sits on the fcc sites, anjanes along thg111] direction; and a minority one, which
how much sits on the hcp sites. What one can say is that thge call “reversed” or “twin,” which has anACBACB..
“single-site” models(100% fcc site or 100% hcp sitélo not  stacking. The dominant twin is also the one present at the
fit the data properly: a mixture of the two sites is necessarysurface, as shown by the fact that the Ni CTR signal origi-
Here we will consider for the calculations only the case withnates from the Bragg peaks of the “normal” twin. The “re-
a 50%—-50% mixture of fcc and hcp sites. This case correversed” twin is more bulklike and does not give rise to mea-
sponds to a maximum of destructive interference betweesurable CTRs, so we can consider that it does not exist at the
the scattering from the two sites, i.e., the effect produced osurface. Pt adatoms that arrive on the Ni surface of the “nor-
the Ni CTR by a given amount of pseudomorphic Pt is themal” Ni can a priori occupy two types of sites: fcc sites,
lowest. This means that the amount of pseudomorphic Pwhich continue theABC stacking of the Ni, or hcp sites,
deduced from comparing these calculations with the datavhich represent a fault compared to the Ni stacking. If the Ni
will be an “upper limit” of the real amount. Figure (B) is terminated by a C” plane, Pt on a fcc site would be in an
shows the calculated Ni (0} CTR for three different situ- “A” plane, while Pt on a hcp site would be on &" plane.
ations: clean bulk terminated Nilashed ling the same after When Pt starts to grow as a film with several layers(itsl)
adding 0.3 Ni-ML of Pt(thick solid line, and the same with planes can adopt either a “normal” stacking or a “reversed”
a total of 1 Ni-ML (thin solid ling. In the calculation the Pt stacking. This possibility for two twingnormal or reversed
is pseudomorphic and occupies only one plane. The Nprevents in general the film from being as “single crystal-
roughness is zero, and the Pt-Ni interfacial distance is 2.18ne” as the substrate, even in the case of homoepitaxial
A. The qualitative comparison between Figga)éand &b) growth. Thanks to the large penetration depth of x rays,
shows that our data #@=1 ML are well reproduced with the SXRD can easily bring information about this stacking of the
model containing 0.3 Ni-ML of pseudomorphic Pt, and thatP(111) planes. The way to obtain this information is by mea-
the model with 1 Ni-ML of pseudomorphic Pt does not fit at suring aL scan along a rod of the Pt film, taking care to
all. We therefore conclude that, fé=1 ML, the amount of choose a rod that is sensitive to the stacking, such as the
pseudomorphic Pt in the film is less than 0.3 Ni-ML. Given (—0.92 OL). Along such a rod, the Bragg peaks of Pt with
the fact that about 25—28 % of the Pt film are “invisible” for the “normal” stacking are at different positions than the
diffraction, due to disordetas mentioned in Sec. II)Athe ones of Pt with the “reversed” stacking, so that distinction
amount of pseudomorphic Pt may not be so negligible aftebetween the two stackings is easy. Of course, the Pt needs to
all: at =1 ML, pseudomorphic Pt may represent up to 45%contain at least three planes to make this analysis.
of the “ordered” Pt. It should be noted that the assumption Figure 7a) shows twoL scans. The first one is along the
of 2D Pt, that we made for the calculation, is not necessarNi (—10L) CTR, measured on the clean Ni before the depo-
to obtain a shape of the Ni CTR similar to the experimentalsition. The second one is along the neighboring
one: 3D Pt also works. As an illustration, the thin dashed lingd —0.92 OL) Pt rod, measured for an eight-layer-thick Pt
in Fig. 6(b) shows the calculated CTR for “3D” pseudomor- film. On the Ni CTR, the Bragg peaks appeatat2 and 5
phic Pt. Here two Pt planes are occupied, with occupation$or the “normal” stacking, and at =1 and 4 for the “re-
of 0.2 and 0.06 Ni-ML. The Pt-Pt interplane distance is 2.265versed” stacking. On the Pt rod, due to the larger lattice

In this section, we will show that the dominant stacking in
e Pt is reversed compared to the Ni stacking, when grow-
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")

One can see on the Ni rod that the two stackings are present
Pt/ Ni normal in the Ni film, but this time with the “normal” stacking
dominating. The intensity ratio between the peaksLat
=2.2and 1.1is about 3.5. The tendency for stacking reversal
observed when growing Pt on (4il1) is therefore not
present when growing Ni on @tl1).

This stacking anomaly was already pointed out by Staiger
Pt rod et al.z'5 in th_e course of studying Pt-Ni multilayers using HR-
TEM in a side view. These authors noted that the probability
1 for stacking reversal was high when growing Pt on Ni, and

-
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reverse
reverse
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= Intensity (arb. units)

0 L 5 almost zero when growing Ni on Pt. The origin of the stack-
103 N ing reversal of Pt on Ni is not known. In particular, it is not

INi/ Pt normal clear if this is a kinetic effec{due to the details of the

L growth process, such as the shapes of the monolayer iglands

1 reverse /Pt CTR or a thermodynamic effect. Calculations of the energy of

three-layer Pt films on Ni11) with different stackings
would be needed to determine it this is a thermodynamic
effect. Comparative simulations of the Pt on Ni and Ni on Pt
cases would also be useful. In the case of Ni on Pt at RT, we
in fact already have an indication that the difference of en-
ergy between the normal and reversed stackings may be
4 rather small. Indeed, the predominance of the normal stack-
_ _ ing over the reverse stacking can be reverted by simply
FIG. 7. Comparison between a Ni rod, and the nelghborlng Pbreadsorbing CO on the @11 surface before the growth
rod. (&) For Pt on N{111). The dominant stacl.<ing in the Pt film is [the peak ratid (2.2)/1(1.1) changes from 3:1 to 1:1.6
reversed compared to the stacking of the Ni substiateFor the Afirst step toward the explanation of the stacking reversal
:\?Vﬁrse. grﬁWth of Ni on lPlhll)I.DHeri the dominant stacking in the may be the theoretical study of Castell@tial?* These au-
Hilm Is the same as In the Pt substrate. thors calculated the energy of single Pt adatoms adsorbed on
different sites of the NiL11) surface. They found that hcp
parameter, the Pt Bragg peaks are expectéd=at.8 and 4.5  sites are significantly more favorable than fcc siteg 0.13
for the “normal” stacking, and al.=0.9 and 3.6 for the eV/aton). However, they apparently did not consider this
“reversed” stacking. One can see on this rod that the tworesult as very significant, since in all following simulations
stackings are present in the Pt, with a large predominance ehey assumed that Pt atoms were adsorbed on fcc sites. Ex-
the “reversed” stacking. This predominance of the “re- perimentally, there is some agreement with the theoretical
versed” Pt is quite large in Pt films grown at RT, but de- expectation for a hcp site. Our data on the Ni CTR indicate
creases in Pt films grown at low temperature. For examplethat some of the pseudomorphic Pt is adsorbed on the hcp
for a 4-ML-thick Pt film, the ratio between the intensities of sjtes, although not all of it. This result goes in the right
the peaks at. =0.9 and 1.8 is about 12 at 300 K, and de- direction, although, as mentioned above, it concerns only the
crease to 4 at 150 K. This may be an indication that the Pémall portion of the Pt that is pseudomorphic, not all the Pt.
with “reversed” stacking is more stable, thermodynamically Staigeret al?®> mention that “the twinning is rarely observed
speaking, than the Pt with the normal stacking. In order tdnside the layers... but occurs predominantly at an interface
estimate the respective proportions of the two twins, we perPt/Ni.” This would mean that their Pt films consist of
formed quantitative measurements of the Pt (0:98.93.) “single-twin” columns, i.e., when Pt starts growing with a
rod (i.e., 65 scans at severdl's instead of aL scan. This  certain stackingnormal or reversedover a certain area, it
was done for the 4-ML-thick Pt film grown at 150 K. The keeps this same stacking later on. This is consistent with our
analysis of this rod gave 74% of “reversed” stacking anddiffraction measurements, which show that the two twins
26% of “normal” stacking. The ratio reversed/normal is have the same out-of-plane domain sizes, and that this do-
therefore about 3:1 at 150 K, and about 9:1 at 300 K. main size is equal to the film thickness. The last part of
For comparison, we also performed the same type of me&Staiger’s statement seems to indicate that, for columns grow-
surements on the reverse system of Ni oflPb). We ana-  ing with the reversed stacking, the fault occurs in the first Pt
lyzed the stacking of a 8-ML-thick Ni film grown at RT on a plane, i.e., the Pt is adsorbed on a hcp site. This would agree
Pt(111) single crystal. The results are presented in Fi)),7 with the findings of Castellargt al.
with anL scan along the (A1) CTR of the Pt substrate, and Finally, we can also remark that the preference of adatoms
an L scan along the neighboring rod of the Ni film at for the hcp site is not so uncommon, since molecular dynam-
(01.1L). Both scans were performed after the depositionics simulations predict that it should also happen for Co ada-
This time we use the Pt lattice as a reference(ftiL). The  toms on A111).** From the point of view of stacking, the
Bragg peak for “normal” Pt being at =2 on the CTR, we case of Co (0003), or (111) oriented layers presents the
expect, on the Ni rod, Bragg peakslat 2.2 for the “nor-  additional complication that Co can form under two phases,
mal” stacking, and atL=1.1 for the “reversed” stacking. the hcp one, which is the most stable at RT in bulk Co, and
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the fcc one. This is in contrast with Ni, which rarely forms
polytypes, except for example in the growth on(2@0),
where a 4 phase is observeth*® The stacking of Co in 2
(0001),¢, layers has been studied extensively, but most au- g
c

-
o
N
ol

(00L)

surface =>

thors focused on the fcc or hcp character of the Co, and not
on the relative proportions of the two twins in the fcc Co. ' 1
This is probably due to the difficulty of stabilizing well- 10°]
ordered fcc Co layers, especially in the form of single layers,
which are the most convenient for SXRD studies. For ex-
ample, in the Co-C(111) system, well-ordered fcc Co layers 10%4
up to 65 A thick**®can be obtained in Co-Gid1) multi-
layers (grown at 50°Q, but on a C(l1l) single crystal,
4-ML-thick Co films(grown at R already start switching to
hcp#”48 Studying the reverse growth of Ciil) films on a
single-twin fcc C@111) surface is also complicated, due to
the unavailability of good fcc Co single crystals. In spite of
these difficulties, one can already start to discuss the relative
proportions of the two twins in the fcc Co-Ciil) system, 0 3 L
based on existing studies of Co-Cu multilayers. From the
data of Lamelaset al** and Boedekeret al*® taken on FIG. 8. (a) L scans along the specular rod, beféten line) and
Co-Cu multilayers withtCo<40 A, one can first remark that after (thick line) annealing a four-layer Pt film on KNil1). The Pt
at least one of the growth@ither Co on Cu or Cu on Qo film transforms into a thicker subsurface Pt-Ni alldip) Experi-
occurs with stacking conservation, since the coherence thicknental structure factor@oints along the specular rod, for the sur-
ness for the fcc stackinfps deduced from the (L) hcp face alloy, compared to the calculated itide), for the Pt concen-
diffraction rod| is approximately equal to the thickness of  tration prof?le shown in t.he inset. The structure factors are obtained
Co-Cu bilayer. Second, there is an indication that the othePy measuring one rocking scan of the samflscan at constant
growth occurs with either a stacking revergalin faul®® or ~ #+7) ateachL.
at least one deformation fatiltat the interface, since the
er(;?nClilr?eg (Iggjpc?irf]f(:zgttioncorzari]Criutchrlc:;nrgziat?;&ufeend tion features'is the following: F_irst the position of the “Pt” '
peak on an in-plane scan similar to the one of Fig. 4, shifts

bilayerg. Further studies would be needed to clarify this _ N . :
point, but this already gives a hint that the anomalous stack{rom H=—0.92 to about~0.94. This shift corresponds to

ing behavior observed in Pt-Ni may also exist in other s s--he incorporation of Ni into the Pt, which makes the “Pt’
te?ns y YSTattice parameter decrease. We can note here that our surface

alloy is not pseudomorphic with the Ni substrate, in contrast
with the assumption taken by Legaseal > for their calcu-
lations. Another effect of the annealing is a strong decrease
of the Ni CTR at(1-1 0.5, which indicates that the interface

In this section, we examine a surface Pt-Ni alloy obtainechetween the Ni and the surface alloy is rougher compared to
by annealing a Pt film deposited on(fiiL1). Our sample was the interface between Ni and the as-deposited Pt. The effect
prepared by growing 4 ML of Pt on Kill) at 150 K, then  of the annealing on the (@) specular rod is shown in Fig.
annealing shortly at 470°C. Pt and Ni are fully miscible in g(a), which compares the scans along this rod befotthin
the solid phase, and present three compound phasgé, Pt line) and after(thick line) annealing. One can see that the
PtNi, and PtN§, which can be ordered inthl, andL1l,  “Pt’ Bragg peaks atL=2.7 and 5.4 shift toward the neigh-
phases by appropriate treatmetits? When annealing a Pt horing Ni Bragg peaks dt =3 and 6. This indicates a con-
layer deposited on N111), two competing tendencies come traction of the vertical lattice parameter, associated with the
into play: the tendency of the Pt to dissolve into the Ni toincorporation of Ni into the Pt. The “Pt” peaks also narrow,
form an alloy, and its tendency to segregate to theand the period of the thickness fringes around these Bragg
surface?®** The tendency of the Pt to surface segregation ispeaks decreases. This indicates that the alloy layer is signifi-
observed in particular at the surface of bulk Pt-Ni all3ys. cantly thicker than the original Pt layer. Another characteris-
Gauthier" proposed, usind-V LEED, a description of the tic feature, on thé. scan after annealing, is the oscillation of
concentration profile near the low index surfaces of variousarge period neat =1.5 and 4.5. This oscillation is the sig-
bulk Pt-Ni alloys. For a RtNis(111) alloy, the Pt concen- nature of the presence of a “modified” layer with a thickness
trations in the last alloy planes a@ =88% (Pt enrichment  of 2—3 planes. Such an oscillation can not be obtained from
in the topmost plane C,=9% (Pt depletion in the next *“monotonous” Pt concentration profiles, such as the one due
plang, and C3=65% (small Pt enrichment in the third to a diffuse interface between the alloy and the bulk Ni, or
plang. Gauthier designs this alternation of Pt enrichmentthe one due to a simple surface segregation of the Pt. It can
(C>Cu.ioy) and Pt depletion@<C,,,) as a “concentration however be reproduced using a model similar to the one of
oscillation.” Gauthier! with a Pt enrichment in the last plane, and a Pt

=N

structure factor

In our sample, the effect of the annealing on the diffrac-

D. Surface alloying
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depletion in the next plane. In Fig.(t3, we show, as an deformation induced by the lattice mismatch with the Ni, and
example, a comparison between the data on th&X@6d the role of the Pt tensile stress seems secondary. We can note
for the alloy and the calculated rod using the concentratiorihat, for the reverse system of Ni on(Ftl), the tensile
profile shown in the inset. In the calculation, the distancesurface stress of the NRefs. 52 and 58will tend to de-

between two successive planes is obtained applying Vegard@ease the Niin-plane lattice parameter, while the lattice mis-
law  [dy15(PtNi;—) =X.dpepuict (1—X).dyipui],  taking  Match with the Ptwill tend to increase it. In this case the two

into account the Pt concentrations in both planes. phenomena have opposite effects, while they had concurring
The main features of our concentration profile are consis€f€Cts in the case of Pt on Ni. This may explain why the

tent with the ones obtained by Deckesal.l® using Auger strain relaxation is much faster for Ni on Pt than for Pt on
depth profiling, after annealing a 5.5-ML Pt film at 450°C Nl(iﬁl?r'nportant point to note is that the deposition process
for 30 h. As in the study of Deckemst al, the Pt does not . , O
dissolve completely into the Ni, but forms a surface aIon'tSehc may be the source of the film stre@nd straify, inde

. . . A ttice mismatch. In the course
with a well defined thickness. The alloy concentration is 35 pendently of any problem of Ia

. “of characterizing their Pt-Ni multilayers by situ stress
45% in our case, compared to 50% for Decketsl., and measurements guring the growth Pg/ien al.5yf]ound that a

the alloy presents a concentration oscillation at the surfacepure Ni film was under tensile stress, while a pure Pt film
was under compressive stress. If a “process derived” com-
pressive stress also exists in our Pt layers, this process stress
IIl. DISCUSSION may play a role in the slow relaxation that we observe for Pt
films on Ni(111). Of course it is not clear if our UHV evapo-

It is interesting to discuss our results concerning the straimated films will present intrinsic stresses of the same sign as
in the Pt in the light of the theoretical studies performed onthe films of Kim et al,> which are deposited by dc magne-
the Pt/N{111) system by Castellani and co-work&ré?and  tron sputtering. In situ stress measurements in the case of
Legareet al?>%*From our data, we find that pseudomorphic UHV evaporation would be needed in order to clarify this.
Pt may be present, and amounts to up to 0.3 Ni-MLAat Such “process derived” stress is difficult to model theoreti-
=1 ML. The presence of pseudomorphic Pt is rather surpriseally, since it involves taking into account the deposition
ing, since the lattice mismatch between Pt and Ni is largerocess. The complexity of the problem is well illustrated by
(+11.399, but in fact this result is supported by a theoreticala remark by Kimet al.> that the process stress in their Ni
study?® Legareet al. find that a N{111) surface covered by layers can be changed from tensile to compressive just by
one layer of pseudomorphic Pt is surprisingly very stableyarying the Ar sputtering pressure from 7 to 1 mTorr.
more stable that either the clean(Htl) surface or the clean Another theoretical study, which we can try to compare
Ni(111) surface. They explain this fact by the following ar- our results with, is the study by Castellatial. on small Pt
guments. First, at the Afl1) surface, broken bonds lead to a aggregates adsorbed on(Nil).?! Castellaniet al. modeled
tensile? surface stress, which tends to a reduction of thePt clusters containing at most four atoms, adsorbed in vari-
lattice parameter in small Pt particles. The in-plane compressus geometries(linear, planar losange, tetrahedyoon
sion that the Pt layer undergoes when it is adsorbed pseud®(111). In contrast with the study of Legaet al,?® which
morphically on N{111) therefore helps it to be more stable. involved only pseudomorphic Pt, Castellagti al. allowed
In particular, it becomes more stable than the last Pt layer ofor lateral displacements of the Pt atoms. Of course due to
a Pt crystal, which is forced by the underlying Pt to keep, athe very small sizéfour atomsg of the simulated aggregates,
least in plane, the bulk lattice parameter. Second, the pseudase can only compare the theoretical results with our data at
morphic Pt monolayer on Ni11) is stabilized by the chemi- the lowest coverage studied, which is 0.3 ML. For this cov-
cal affinity between the two metals in contact. Where ourerage, the island size is 120 A or mdane island can con-
study contradicts the one of Legageal?® is in the amount tain several domainsand we found an in-plane lattice pa-
of pseudomorphic Pt, which is lower in our ca®e3 Ni-ML  rameter of the Pt of 3.74 AFig. 5, meaning a nearest-
instead of 1 Ni-ML. This discrepancy between theory and neighbor Pt-Pt distance of 2.64 A, which is 95.3% of the
experiment is probably due to the fact that lateral relaxationgulk value. The calculation of Castellagt al. gives in-plane
of the Pt may lower the calculated energy, and were noPt-Pt distances of 97.6% of the calculated bulk va1&72
taken into account in Ref. 23. A) for a Pt dimer, 102.4% for a triangular planar Pt trimer,

We will now discuss the very slow relaxation that we and 99% for the planar losange Pt tetramer. All these calcu-
observed for the nonpseudo Pt. &t 8 ML, we find that the lated Pt-Pt distances are larger than our experimental value
in-plane lattice parameter of the nonpseudo Pt is still con{95.3% but they reproduce the experimental tendency that,
tracted by 2.3%. We could argue that the tensile stress at theven for Pt in a 2D form, a part of the Pt relaxes towards the
surface of the Pt film would help to maintain the Pt film in a Pt bulk lattice parameter. It is difficult to push further the
contracted state over a large thickness range, but this doeemparison between the calculated and experimental values,
not seem a good argument. Indeed the Pt tensile stresénce other configurations of the clusters give Pt-Pt distances
should, at least near the surface, induce an isotropic contrasmaller than the experimental value. This is the case for ex-
tion of the Pt unit cell, not the combination of in-plane con- ample for the linear trimef93.3%9, and for the linear tet-
traction and out-of-plane expansion that we observe. Thereamer(91.8%. As we already mentioned, in the modeling of
fore, the slow relaxation that we observe for the in-plane Pthe clusters, Castellargt al. considered only Pt atoms ad-
lattice parameter seems to be dominantly the result of theorbed on fcc sites, disregarding the preferential hcp site they
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found for monoatomic adsorption. We can wonder if changH{ower than the one expected by theory, and found in a LEED
ing the adsorption site would influence the Pt-Pt interatomicstudy. For the nonpseudo Pt, which appears as soon as the

distance that they find. deposition starts, we find a very slow relaxation of the Pt
in-plane lattice parameter toward the bulk value, which is not
IV. CONCLUSION complete even a#=8 ML. Concerning the stacking of the

(111) Pt planes, we find that the dominant stacking in the Pt

We have studied the morphology and strain of thin Ptis the mirror image of the Ni stacking. This result may be
films deposited on Ni111). The growth mode found here correlated with the theoretical expectation that hcp sites are
(2D growth for the first layer, then more 3D growthgrees more favorable than fcc sites for Pt adatoms on @l
well with the experimental results published in the literature.surface. A surface Pt-Ni alloy obtained by annealing a Pt film
We find that there may be some pseudomorphic Pt, as prevas also studied. The Pt concentration profile across the al-
dicted by a theoretical study, but the amount of pseudomortoy layer is in good agreement with the general tendencies
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