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Stress and growth of Ag monolayers on a HA00) whisker
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In situ stress measurements have been performed during the deposition of epitaxial Ag monolayers on a Fe
whisker. A compressive stress 6f0.6 GPa is measured above a 5-ML Ag thickness which is ascribed to the
epitaxial misfit of —0.8% between Ag and Fe. Back-extrapolation of the coverage dependent stress measure-
ments to zero coverage reveals an Ag-induced change of the surface stre$s08f BE—1.23 N/m. Com-
paring this surface stress change with the calculated surface stresq 1@0Aguggests a tensile surface stress
of +2.05 N/m for clean F&.00). The deposition of 2—5 layers of Ag does not change the stress induced by the
first layer significantly. This almost stress free growth is assigned to a rougher surface morphology which is
most likely caused by a surface alloy formation.
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I. INTRODUCTION Fe(100 along [100] is of the order of 2 N/m. Our stress
measurements identify a nearly constant surface stress with
The interesting magnetic properties of multilayerincreasing Ag thickness between 2—-5-ML Ag deposition
structure$™* as compared to bulk elements have induced1-ML Ag: 2.043 A), before misfit stress sets in for large film
considerable work in this field. One example is the magneti¢hickness. We ascribe the absence of misfit stress to a pos-

exchange coupling between ferromagnetic layers, which isible surface alloy formation between Ag and Fe .
mediated by the nonferromagnetic spacer |ay&t.

The growth of Ag on FELO0) is a prototype for modified

magnetic and electronic properties of layered structures. The Il. EXPERIMENT
exchange coupling between Fe layers separated by an Ag
spacer has been studied extensiV&i}® and electronic We use F&L00) whiskers which were grown by gas phase

guantum well states have been observed for epitaxial Agepitaxy.23 The needlelike whiskers with a length) of 10
films deposited on K&00).}’~2! Sharp interfaces and flat mm have a nearly square cross section of 1000 um?
films are mandatory for the study of interlayer exchange couwith (100) surfaces, the long edge runs aldd@0]. Fe whis-
pling and quantum wells, and the growth of Ag on Fe seemders offer very flat surfaces with terrace sizes of the order of
to satisfy the structural and thermodynamic criteria expected um; separated by single atom high stépsl44 nm). The
for a perfect layer-by-layer growttFrank—van der Merwe Fe whisker was clamped at one end along its width to a
growth mode. The lattice mismatchy between fcc AgLOO) sample manipulator leaving the other end free.
and bcc FEL00) is small, = —0.008, and this suggests that  The experiments were performed in an ultra high vacuum
the elastic energy of the epitaxially strained film will be of chamber with a base pressure of 10~ ° mbar. The whis-
only minor importance for the resulting growth mode asker was subjected to several Aion sputteringion energy:
compared to kinetic arguments. The lower surface free en2 keV; sample current: LA, 300 K) and annealing cycles.
ergy y of Ag(100), (1.2 J/n?) (Ref. 22 in comparison to The Fe whisker was annealed to 1270 K by radiation from a
Fe(100), (2.2 J/int) (Ref. 22 also favors the wetting of hot tungsten filament mounted behind a tungsten radiation
Fe(100 surface by Ag. shield, which is placed in between the whisker and the fila-
In spite of the seemingly favorable conditions for layer- ment. The whisker temperature was monitored using a ther-
by-layer growth, previous work by other groups indicated amocouple attached to the sample holder close to the whisker.
subtle interplay between the growth parameters such abhis thermocouple was calibrated against thermocouples
deposition rate and sample temperature which have to behich were attached to a test whisker. We estimate the accu-
adjusted properly to ensure the growth of flat Agracy of our temperature measurement to-b&0 K. After
films 18:14.19-21 sputtering and annealing, carbon was found by Auger
The goal of the present investigation is to correlate filmelectron  spectroscopy (AES) on the  whisker,
stress with the growth mode of Ag on @€0). Our direct [I(C 271 eV)/I(Fe 703 eV¥ 10 %]. Carbon was removed
measurement of film stress by the curvature technique resy mild oxidation at <10’ mbar G at 300 K and subse-
veals that different growth regimes can be clearly identifiedquent annealing to 630 K. This procedure yields a clean Fe
by the characteristic stress behavior. For layer-by-layesurface with O and C surface contamination below the de-
growth a compressive film stress ©f0.6 GPa is found in Ag tection limits of AES(approximately 1 at. % Low energy
films thicker than five layers, which corresponds to the misfiteletron diffraction patterns of the clean(E@0) whisker thus
stress as calculated from Ag bulk elasticity. The deposition obbtained showed sharpxll diffraction spots.
one layer Ag on FE.00) relieves the tensile surface stress of  High purity Ag (ADVENT, 99.99% (Ref. 24 was evapo-
Fe. We conclude from an extrapolation of our stress mearated from a electron-beam heated molybdenum crucible
surements to zero coverage that the surface stress of cleanto the FE100) whisker at deposition rates between 0.006
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TABLE |. Elastic compliance constants; s Young's modulus
Y (100), @nd Poisson ratie of Ag and Fe.

Element $1 S12 Yaoy=Llsy  v=—splsy
(TPa)'! (TPa)!? (GPa
fcc Ag 22.¢ -9.8¢% 43.67 0.423
bcc Fe 7.62 —2.81 130.89 0.368
‘Ref. 42.
FIG. 1. Schematic representation of the two beam optical de-
flection set up to measure the stress-induced whisker curvéfure. I MISFIT STRESS OF AG ON FE

Fe whisker,(B) manipulator,(C) beam splitter(D) mirror, (E) po- The epitaxial relation between fcc 4%924_08 A (Ref.

sition sensitive detectors, anf#f) laser.L: length of whisker;tg,: 28)] and bcc Felan—= : .
; . . ; _ ) ac.=2.866 A (Ref. 28] is described by
thickness of whiskerR: radius of whisker curvatureyd,,: deflec 45° rotated unit cells of the two elements. This leads to

tion of bottom end of the whisked: spot separationl; whisker- . . . .
a small compressive in-plane lattice misfip=(ag.

detector distance.

- eAg/_\/E)/(aAg/\/i)z —0.8%. From this we calculate a bi-
and 0.8 A/s and whisker temperatures between 175 and 3g&@! film stress of7=7Y /(1= vag)=—0.61 GPa. Our
K. The growth rates were calibrated before and after eachiress measurements presented below confirm this magnitude

stress measurement by a quartz crystal oscillator. One ML dff _Stress for layer-by-layer ~growth conditions fdp,
Ag corresponds to a 2.043-A-thick film with an areal density= > ML. Thus, bulk elasticity is applicable under these con-
of 1.2x 105 atoms/crA. The thermal stability at low and ditions, and we derive an elastic energy per Ag atonfr gf

high temperatures was generally better tha@.05 K/min.  — 7 7=0.5meV. This elastic energy contribution is one to
The residual gas pressure during evaporation remained b0 orders of magnitude smaller compared to epitaxial sys-
low 5% 10~ 1° mbar. tems like Co/C00) (7=1.7%;r=3.23 GPa)(Ref. 29 or

Ag-induced surface stress is measured by a highly sensF&/ 100 (7=10.1%r=21 Gpa)?G Consequently, and in
tive optical beam deflection technique, which is schematicontrast to these former studies, we expect for the growth of
cally shown in Fig. 1. Two laser beams are reflected fromfd On Fe that growth kinetics are more decisive for the re-
two points vertically displaced on the surface of the whiskerSUting growth mode than lattice misfit considerations.
by d (approximately 5 mronto two position-sensitive split- _ | e different step heights of f,CC'AmO)(Z-OS.A) and bcc
photodiode detectors, which are mounted at a distance F&100(1.44 A) induce a considerable vertical misfit of
away from the whisker. The difference of the position signals42%- Th!s vertical misfit is expected to induce d|stort|on§ in
of the two detectors is directly proportional to the substratd€ Ag film at step edges of the substrate. However, in a
curvature 1R, whereR is the radius of curvature of the Simplified model of Ag growth we neglect the possible im-
substrate. One benefit of the two beam optical method is thB2ct Of the vertical distortion on the in-plane misfit stress.
direct determination of the curvature changg(1/R) This simplification seems justified for th|cker fllms_ where a
=(APosl—APos2)/(2ld), where the laser spot deflec- close agreement between theory and experiment is found for

tions on the detectors are given AyYosl,AP0s2. The con- the if"p'.a”e etress. In the monolayer range however,' t'he
version of the position signal of the split photodetector into gatomic ‘;"Ze ”}'S”?atcr} betwelzlen_Ag anddFe COUIddbs ? decisive
spot deflection is accomplished by moving the detectors by §1ving force for interface alloying, as discussed below.

known distance with a calibrated piezo drive and noting the
resulting change of the position signal. From the measuredV: STRESS MEASUREMENTS DURING AG DEPOSITION
change of curvaturé(1/R) the corresponding change of  gyess measurements were carried out during growth at

film thickness integrated stres§(7,g tag) is calculated. In genosition rates between 0.006 and 0.8 A/s and sample tem-
the limit of submenolayer Ag coverage, this stress correyaratures ranging from 300 to 393 K. We find that the gen-
sponds to the Ag-induced change of surface stress of the Fg| features of the stress signaihg as a function of Ag film

substrate (7(3): thicknesst,y are similar in this range of temperature and
5 deposition rate.
A(T(S)):A(T f) = Y tee AE, ) A typical stress measurement is shown In Fig. 2. As the
Fe A9 AT B(1—p) TR shutter of the Ag evaporator is opened, we find a large com-

pressive stress of 2 N/m until 1 ML has been deposited.
whereY is the Young’s modulus of K&00), v is the Poisson We call this stress regime |, and we ascribe the measured
ratio, and tg, (100um) is the thickness of the Fe stress to the Ag-induced change of the surface stress of
whisker?®=2" Numerical values are given in Table I. The Fg(100. With increasing coverage we observe a slight in-
stress-induced deflections of the whisker are small. A covererease of the stress signal in regime Il, before the stress
age of 1-ML Ag induces a surface stress change of signal decreases monotonically in regime Il fdpg
—2 N/m at 300 K, which leads to a radius of curvatRef  >5 ML. Stress regime Il is ascribed to the misfit induced
140 m, and the bottom end of the whisk&rd,,) is displaced stress. These stress regimes are found for all experiments
by 0.36 xm. performed in this temperature range.
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FIG. 4. The total stress change as a function of the thickness of
FIG. 2. Atypical plot of stress as a function of thickness show-A9 9rown on Fe whisker. The back extrapolation gives the Ag-

ing the three distinct stress regimes during the growth of Ag on 4nduced surface stress change.

Fe(100) whisker. Regimes |, Il and Il correspond to the initial

surface stress change, transition of the growth mode, and regul@ates that already for the second layer of Ag the stress regime

misfit stress, respectively. The inset shows a stress measurementlHtis reached.

150 K, where regime Il is absent.

. . . V. DISCUSSION
The stress behavior in regime 1l comes as a surprise, as no

structural transitions are expected in this thickness range be- Our discussion focuses on the correlation between the
tween 1 and 5 ML. A qualitative inspection of the low energy Measurements of film stress and the observatlon of different
electron diffraction pattern of Fig. 3 does not reveal anydrowth regimes. The reader is referred to the literature for
indication of a structural change between a cleani@@® thermodynamical consideration regarding film grovrr
surface(regime ) in (a) and a 6-ML Ag coveragéregime Figure 4 summarizes a series of stress measurements at
II-11l crossoved in (b), except for a slight increase of the '00M temperature and above. The total stress change after
diffuse intensity around the center of the diffraction image atcompletion of growth is plotted as a function of the Ag film
the (0,0) position in Fig. 3b). th|cknes_s. The so_hq I|r_1e of Fig. 4 is a least square fit to the
A thermally induced experimental artifact for the stressdata points. The fit indicates a slope-60.6x0.05 GPa and
behavior in regime 11 can be ruled out, as the same thicknes? intercept of—1.23-0.37 N/m. The close agreement be-
dependence of the stress is measured in an interruptd@€en the averaged slope and the calculated value of
growth experiment. The shutter of the evaporator is closed 0-61 GPa from the lattice misfit confirms our conclusion
after deposition of 1-ML Ag. Deposition is resumed after 10that the epitaxial misfit stress fdpg>5 ML is well de-
min., and we still measure a stress regime Il before detectin§criPed by continuum elasticity. Consequently, we ascribe
regime Il at 6 ML. This indicates that regime Il does not Fegime I to .the .epltaX|aI misfit stress in the growing f_|Im.
correspond to a possible thermal relaxation of the whiskerd his conclusion is supported by the slope of the individual
manipulator compound upon exposure to the Ag oven. stre_ss curves in regime IIITO.61 GPa, Wh!Ch is within ex-
Deposition at 150 K leads to the absence of regime I1, and€rimental error of- 10%, in agreement with the calculated
a direct transition from the surface stress dominated regimeMisfit stress of-0.61 GPa. o
to regime Il is observed. The inset of Fig. 2 shows such a We propose that the intercept of the least square fit line

low temperature stress measurement. The stress curve indlith the stress axis in Fig. 4 can be ascribed to the Ag-
induced change of the surface stress of the cleaidBg

surface. If there was no difference of the surface stress of Fe
vs Ag, we would expect a zero intercept, i.e.n an individual
curve like the one shown in Fig. 2 should back-extrapolate to
the stress of the starting point. This is however not the case.
Back-extrapolation leads to more negativestress value.
This indicates that the surface stress of clean Fe is larger in
magnitude as compared to that of Ag. We arezza?ot aware of
FIG. 3. Low energy electron diffractiof. EED) patterns ofa) a any calculated values of surface stress for“t-éut for
clean Fe(100 Whisk?e);, and(b) a 6-ML Ag film opn the Fe(100) Ag(100 7{3] Ag]=0.82 N/m has been calculatdtiwe as-
whisker (corresponding to the stress regime II-11l crossovaimi- ~ Sume that the surface stress change-dt23+0.37 N/m, as
lar and sharp diffraction spots with low background intensitydn ~ obtained by back-extrapolation of the measured surface
as compared to the clean Fe surfacédnindicate that the Ag film  Stress to zero coverage, is given by difference of surface
is epitaxially well ordered, with no indications of a structural Stress between Fe and Ag. From this we deddGy Fe]
transition. =2.05 N/m as the surface stress of F&0) along[100].
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0 5 10 15 20 25 followed directly the initial stress change in region |, i.e.,
1 T T T T T regime 1l of Fig. 5a) directly follows regime |. The low
: temperature RHEED data of Heinri@t al. show intensity

§ 0 oscillations in the whole thickness range, in contrast to the

E P absence of oscillations for the 366 K measurements shown in

< Fig. 5(b). We conclude that both stress and RHEED measure-
=]

ments indicate a change of the growth mode at lower
temperature.

We suggest that the larger tendency for surface alloy for-
: ] mation at higher temperature could be an important aspect of
— \ ! ' the temperature-driven change of growth mode. If one as-
: sumes some intermixing between Ag and Fe at 366 K, this
will lead to an interface region, which is chemically inhomo-
geneous and also structurally distorted due to the larger
atomic size of Ag as compared to Fe. The intermixing of the
surface region renders an estimate of the misfit between the
deposit and the substrate doubtful, as we have no informa-
tion on the chemical composition of a potential surface alloy,

ti,
R

]
w

intensity (arb. units)
o N E-N [o>] o

A RHEED ) nor on its spatial homogeneity. Assuming substitutional dif-
i N\ from Ref. 14 fusion of Ag into the Fe surface, we expect that Fe will be
L L ! ! L expelled and subsequently incorporated into the growing Ag
0 5 10 15 20 25 film. The amount of intermixing, i.e., the atomic concentra-
tAg (ML) tion of Fe within the Ag deposit will be smaller with increas-

_ ) ) _ ing Ag thickness. This offers an explanation as to why the
FIG. 5. Comparison of the stress dé# with RHEED investi-  gystem reverts to the regular stress and RHEED behavior for
gations(adapted from Ref. 14 with the kind permission of the au- larger Ag thickness in regime IIl. Intermixing is thermally
thorg during the growth of Ag on a Fe whisker under similar high activated*=3° and leads to negligible intermixing at low
temperature growth conditiongb) Pronounced RHEED oscilla- temperatijre This explains the different stress and RHEED
tions due to layer-by-layer growth are seen in the misfit stress reE)ehaVior at IIOW temperature as compared to deposition at
gime lll while they are absent in regime II. higher temperature
This explanation relies on surface alloy formation of Ag
Whereas surface stress and epitaxial misfit stress ai@ Fe. Although Ag is not miscible in bulk F¥,surface alloy
clearly responsible for the measured stress in regimes | andrmation is a well documented general phenomeHoim
Ill, respectively, the intermediate regime Il is unexpected.short, atomic size mismatch suppresses intermixing in the
We discuss its physical origin in connection with the obseryylk, but it favors intermixing at the surface. A recent scan-
vation of an “incubation” periOd in the reflection hlgh en- ning tunne”ng microscopy Study of Au growth on a(m
ergy electron diffractiofRHEED) intensity oscillation mea-  whisker identified surface alloy formation for this chemically
surements by Unguriet aI..14 Fe whiskers were also used in and Structura”y similar Syster(Ag and Au have a near|y
their growth and magnetism studand we are therefore identical atomic volumg®® Therefore we expect some ten-
confident that our stress results which were obtained Undeency for surface a||0y formation also for Ag on Fe, though
similar growth conditions reflect the same surface morpholwe are not aware of any experimenta| Study which m|ght

ogy as their RHEED study. offer direct experimental evidence for surface alloy forma-
In Fig. 5 we comparda) our stress measurements takention of this system.

under comparable conditions as the RHEED data by Unguris
et al. shown in(b). We added our labels I, Il and 1l to their
data in(b) and we find that regime Il is characterized by the
absence of RHEED intensity oscillations. Evenly spaced
RHEED oscillations become stronger as the system enters Stress measurements are a sensitive tool to identify differ-
regime Ill. Unguriset all* attributed the absence of the ent growth regimes in monolayer thin films. A comparison
RHEED intensity oscillations to disorder and roughness obetween measured stress and calculated misfit stress suggests
the Ag film for this thickness range between 1-5 ML. that the growth of Ag on Fe occurs in the layer-by-layer

It seems plausible to ascribe the absence of RHEED osnode for films thicker than five layers. The measured stress
cillations and the peculiar stress behavior in regime Il to theof —0.6 GPa in this regime corresponds to the calculated
same origin. This assertion is corroborated by stress mearisfit stress, and indicates the applicability of continuum
surements, which we performed at a lower temperature oélasticity for films as thin as 1 nm. The back-extrapolation to
150 K and by RHEED measurements by Heinrathall® at  zero coverage indicates a surface stress of cle&hOBeof
140 K. We did not observe a stress regime Il for this low2.05 N/m, which is reduced upon Ag deposition. We ascribe
temperature growth, as can be seen in the inset of Fig. 2he unexpected intermediate stress regime Il at 1-5-ML Ag
Instead, we measured a monotonic compressive stress whith a possible surface alloy formation. We performed stress

VI. CONCLUSION

045416-4



STRESS AND GROWTH OF Ag MONOLAYERS ONA.. .. PHYSICAL REVIEW B8, 045416 (2003

measurements at a low temperat(t&0 K), which did not  and suggest that regime Il is due to alloy formation between
show the intermediate stress regime Il. Instead, the stredse and Ag.

curve proceeds directly from regime | to regime lll. These

results together with earlier RHEED work by other groups AU LS SIS

support our conclusion that changes of the growth mode can We thank H.Menge for the skillful preparation of high
be traced with high sensitivity by in situ stress measurementguality Fe whiskers.
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