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Stress and growth of Ag monolayers on a Fe„100… whisker

R. Mahesh, D. Sander,* S. M. Zharkov,† and J. Kirschner
Max-Planck-Institut fu¨r Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

~Received 3 December 2002; revised manuscript received 21 February 2003; published 17 July 2003!

In situ stress measurements have been performed during the deposition of epitaxial Ag monolayers on a Fe
whisker. A compressive stress of20.6 GPa is measured above a 5-ML Ag thickness which is ascribed to the
epitaxial misfit of20.8% between Ag and Fe. Back-extrapolation of the coverage dependent stress measure-
ments to zero coverage reveals an Ag-induced change of the surface stress of Fe~100! of 21.23 N/m. Com-
paring this surface stress change with the calculated surface stress for Ag~100! suggests a tensile surface stress
of 12.05 N/m for clean Fe~100!. 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

The interesting magnetic properties of multilay
structures1–4 as compared to bulk elements have induc
considerable work in this field. One example is the magn
exchange coupling between ferromagnetic layers, which
mediated by the nonferromagnetic spacer layer.5–13

The growth of Ag on Fe~100! is a prototype for modified
magnetic and electronic properties of layered structures.
exchange coupling between Fe layers separated by an
spacer has been studied extensively,14–16 and electronic
quantum well states have been observed for epitaxial
films deposited on Fe~100!.17–21 Sharp interfaces and fla
films are mandatory for the study of interlayer exchange c
pling and quantum wells, and the growth of Ag on Fe see
to satisfy the structural and thermodynamic criteria expec
for a perfect layer-by-layer growth~Frank–van der Merwe
growth mode!. The lattice mismatchh between fcc Ag~100!
and bcc Fe~100! is small,h520.008, and this suggests th
the elastic energy of the epitaxially strained film will be
only minor importance for the resulting growth mode
compared to kinetic arguments. The lower surface free
ergy g of Ag~100!, (1.2 J/m2) ~Ref. 22! in comparison to
Fe~100!, (2.2 J/m2) ~Ref. 22! also favors the wetting o
Fe~100! surface by Ag.

In spite of the seemingly favorable conditions for laye
by-layer growth, previous work by other groups indicated
subtle interplay between the growth parameters such
deposition rate and sample temperature which have to
adjusted properly to ensure the growth of flat A
films.18,14,19–21

The goal of the present investigation is to correlate fi
stress with the growth mode of Ag on Fe~100!. Our direct
measurement of film stress by the curvature technique
veals that different growth regimes can be clearly identifi
by the characteristic stress behavior. For layer-by-la
growth a compressive film stress of20.6 GPa is found in Ag
films thicker than five layers, which corresponds to the mi
stress as calculated from Ag bulk elasticity. The deposition
one layer Ag on Fe~100! relieves the tensile surface stress
Fe. We conclude from an extrapolation of our stress m
surements to zero coverage that the surface stress of c
0163-1829/2003/68~4!/045416~5!/$20.00 68 0454
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Fe~100! along @100# is of the order of 2 N/m. Our stres
measurements identify a nearly constant surface stress
increasing Ag thickness between 2–5-ML Ag depositi
~1-ML Ag: 2.043 Å!, before misfit stress sets in for large film
thickness. We ascribe the absence of misfit stress to a
sible surface alloy formation between Ag and Fe .

II. EXPERIMENT

We use Fe~100! whiskers which were grown by gas pha
epitaxy.23 The needlelike whiskers with a length~L! of 10
mm have a nearly square cross section of 1003100 mm2

with ~100! surfaces, the long edge runs along@100#. Fe whis-
kers offer very flat surfaces with terrace sizes of the orde
1 mm; separated by single atom high steps~0.144 nm!. The
Fe whisker was clamped at one end along its width to
sample manipulator leaving the other end free.

The experiments were performed in an ultra high vacu
chamber with a base pressure of 1310210 mbar. The whis-
ker was subjected to several Ar1 ion sputtering~ion energy:
2 keV; sample current: 1mA, 300 K! and annealing cycles
The Fe whisker was annealed to 1270 K by radiation from
hot tungsten filament mounted behind a tungsten radia
shield, which is placed in between the whisker and the fi
ment. The whisker temperature was monitored using a t
mocouple attached to the sample holder close to the whis
This thermocouple was calibrated against thermocoup
which were attached to a test whisker. We estimate the a
racy of our temperature measurement to be610 K. After
sputtering and annealing, carbon was found by Au
electron spectroscopy ~AES! on the whisker,
@ I(C 271 eV)/I(Fe 703 eV)510 %#. Carbon was removed
by mild oxidation at 131027 mbar O2 at 300 K and subse
quent annealing to 630 K. This procedure yields a clean
surface with O and C surface contamination below the
tection limits of AES~approximately 1 at. %!. Low energy
eletron diffraction patterns of the clean Fe~100! whisker thus
obtained showed sharp 131 diffraction spots.

High purity Ag ~ADVENT, 99.99%! ~Ref. 24! was evapo-
rated from a electron-beam heated molybdenum cruc
onto the Fe~100! whisker at deposition rates between 0.0
©2003 The American Physical Society16-1
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and 0.8 Å/s and whisker temperatures between 175 and
K. The growth rates were calibrated before and after e
stress measurement by a quartz crystal oscillator. One M
Ag corresponds to a 2.043-Å-thick film with an areal dens
of 1.231015 atoms/cm2. The thermal stability at low and
high temperatures was generally better than60.05 K/min.
The residual gas pressure during evaporation remained
low 5310210 mbar.

Ag-induced surface stress is measured by a highly se
tive optical beam deflection technique, which is schem
cally shown in Fig. 1. Two laser beams are reflected fr
two points vertically displaced on the surface of the whis
by d ~approximately 5 mm! onto two position-sensitive split
photodiode detectors, which are mounted at a distanl
away from the whisker. The difference of the position sign
of the two detectors is directly proportional to the substr
curvature 1/R, where R is the radius of curvature of th
substrate. One benefit of the two beam optical method is
direct determination of the curvature changeD(1/R)
5(DPos12DPos2)/(2ld), where the laser spot deflec
tions on the detectors are given byDPos1,DPos2. The con-
version of the position signal of the split photodetector int
spot deflection is accomplished by moving the detectors b
known distance with a calibrated piezo drive and noting
resulting change of the position signal. From the measu
change of curvatureD(1/R) the corresponding change o
film thickness integrated stressD(tAg tAg) is calculated. In
the limit of submonolayer Ag coverage, this stress cor
sponds to the Ag-induced change of surface stress of th
substrateD(tFe

(S)):

D~tFe
(S)!5D~tAg tAg!5

YtFe
2

6~12n!
D

1

R
, ~1!

whereY is the Young’s modulus of Fe~100!, n is the Poisson
ratio, and tFe (100 mm) is the thickness of the F
whisker.25–27 Numerical values are given in Table I. Th
stress-induced deflections of the whisker are small. A co
age of 1-ML Ag induces a surface stress change
22 N/m at 300 K, which leads to a radius of curvatureR of
140 m, and the bottom end of the whisker (Ddw) is displaced
by 0.36mm.

FIG. 1. Schematic representation of the two beam optical
flection set up to measure the stress-induced whisker curvature~A!
Fe whisker,~B! manipulator,~C! beam splitter,~D! mirror, ~E! po-
sition sensitive detectors, and~F! laser.L: length of whisker;tFe:
thickness of whisker;R: radius of whisker curvature;Ddw : deflec-
tion of bottom end of the whisker,d: spot separation;l: whisker-
detector distance.
04541
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III. MISFIT STRESS OF AG ON FE

The epitaxial relation between fcc Ag@aAg54.08 Å ~Ref.
28!# and bcc Fe@aFe52.866 Å ~Ref. 28!# is described by
45° rotated unit cells of the two elements. This leads
a small compressive in-plane lattice misfith5(aFe

2aAg /A2)/(aAg /A2)520.8%. From this we calculate a b
axial film stress oft5hYAg /(12nAg)520.61 GPa. Our
stress measurements presented below confirm this magn
of stress for layer-by-layer growth conditions fortAg
.5 ML. Thus, bulk elasticity is applicable under these co
ditions, and we derive an elastic energy per Ag atom ofFel
5t h50.5 meV. This elastic energy contribution is one
two orders of magnitude smaller compared to epitaxial s
tems like Co/Cu~100! (h51.7%;t53.23 GPa)~Ref. 29! or
Fe/W~100! (h510.1%;t521 GPa).26 Consequently, and in
contrast to these former studies, we expect for the growth
Ag on Fe that growth kinetics are more decisive for the
sulting growth mode than lattice misfit considerations.

The different step heights of fcc-Ag~100!~2.05 Å! and bcc
Fe~100!~1.44 Å! induce a considerable vertical misfit o
42%. This vertical misfit is expected to induce distortions
the Ag film at step edges of the substrate. However, i
simplified model of Ag growth we neglect the possible im
pact of the vertical distortion on the in-plane misfit stre
This simplification seems justified for thicker films where
close agreement between theory and experiment is found
the in-plane stress. In the monolayer range however,
atomic size mismatch between Ag and Fe could be a deci
driving force for interface alloying, as discussed below.

IV. STRESS MEASUREMENTS DURING AG DEPOSITION

Stress measurements were carried out during growt
deposition rates between 0.006 and 0.8 Å/s and sample
peratures ranging from 300 to 393 K. We find that the ge
eral features of the stress signalttAg as a function of Ag film
thicknesstAg are similar in this range of temperature an
deposition rate.

A typical stress measurement is shown in Fig. 2. As
shutter of the Ag evaporator is opened, we find a large co
pressive stress of22 N/m until 1 ML has been deposited
We call this stress regime I, and we ascribe the measu
stress to the Ag-induced change of the surface stres
Fe~100!. With increasing coverage we observe a slight
crease of the stress signal in regime II, before the str
signal decreases monotonically in regime III fortAg
.5 ML. Stress regime III is ascribed to the misfit induce
stress. These stress regimes are found for all experim
performed in this temperature range.

-

TABLE I. Elastic compliance constants si j , Young’s modulus
Y(100) , and Poisson ration of Ag and Fe.

Element s11 s12 Y(100)51/s11 n52s12/s11

(TPa)21 (TPa)21 ~GPa!

fcc Ag 22.9a 29.80a 43.67 0.423
bcc Fe 7.64a 22.81a 130.89 0.368

a
Ref. 42.
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STRESS AND GROWTH OF Ag MONOLAYERS ON A . . . PHYSICAL REVIEW B68, 045416 ~2003!
The stress behavior in regime II comes as a surprise, a
structural transitions are expected in this thickness range
tween 1 and 5 ML. A qualitative inspection of the low ener
electron diffraction pattern of Fig. 3 does not reveal a
indication of a structural change between a clean Fe~100!
surface~regime I! in ~a! and a 6-ML Ag coverage~regime
II-III crossover! in ~b!, except for a slight increase of th
diffuse intensity around the center of the diffraction image
the ~0,0! position in Fig. 3~b!.

A thermally induced experimental artifact for the stre
behavior in regime II can be ruled out, as the same thickn
dependence of the stress is measured in an interru
growth experiment. The shutter of the evaporator is clo
after deposition of 1-ML Ag. Deposition is resumed after
min., and we still measure a stress regime II before detec
regime III at 6 ML. This indicates that regime II does n
correspond to a possible thermal relaxation of the whisk
manipulator compound upon exposure to the Ag oven.

Deposition at 150 K leads to the absence of regime II, a
a direct transition from the surface stress dominated regim
to regime III is observed. The inset of Fig. 2 shows suc
low temperature stress measurement. The stress curve

FIG. 2. A typical plot of stress as a function of thickness sho
ing the three distinct stress regimes during the growth of Ag o
Fe~100! whisker. Regimes I, II and III correspond to the initi
surface stress change, transition of the growth mode, and reg
misfit stress, respectively. The inset shows a stress measurem
150 K, where regime II is absent.

FIG. 3. Low energy electron diffraction~LEED! patterns of~a! a
clean Fe~100! whisker, and~b! a 6-ML Ag film on the Fe~100!
whisker~corresponding to the stress regime II-III crossover!. Simi-
lar and sharp diffraction spots with low background intensity in~b!
as compared to the clean Fe surface in~a! indicate that the Ag film
is epitaxially well ordered, with no indications of a structur
transition.
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cates that already for the second layer of Ag the stress reg
III is reached.

V. DISCUSSION

Our discussion focuses on the correlation between
measurements of film stress and the observation of diffe
growth regimes. The reader is referred to the literature
thermodynamical consideration regarding film growth.30–32

Figure 4 summarizes a series of stress measuremen
room temperature and above. The total stress change
completion of growth is plotted as a function of the Ag fil
thickness. The solid line of Fig. 4 is a least square fit to
data points. The fit indicates a slope of20.660.05 GPa and
an intercept of21.2360.37 N/m. The close agreement b
tween the averaged slope and the calculated value
20.61 GPa from the lattice misfit confirms our conclusi
that the epitaxial misfit stress fortAg.5 ML is well de-
scribed by continuum elasticity. Consequently, we ascr
regime III to the epitaxial misfit stress in the growing film
This conclusion is supported by the slope of the individu
stress curves in regime III,20.61 GPa, which is within ex-
perimental error of610%, in agreement with the calculate
misfit stress of20.61 GPa.

We propose that the intercept of the least square fit
with the stress axis in Fig. 4 can be ascribed to the A
induced change of the surface stress of the clean Fe~100!
surface. If there was no difference of the surface stress o
vs Ag, we would expect a zero intercept, i.e.n an individu
curve like the one shown in Fig. 2 should back-extrapolate
the stress of the starting point. This is however not the ca
Back-extrapolation leads to amore negativestress value.
This indicates that the surface stress of clean Fe is large
magnitude as compared to that of Ag. We are not aware
any calculated values of surface stress for Fe,22 but for
Ag~100! t100

(S) @Ag#50.82 N/m has been calculated.33 We as-
sume that the surface stress change of21.2360.37 N/m, as
obtained by back-extrapolation of the measured surf
stress to zero coverage, is given by difference of surf
stress between Fe and Ag. From this we deducet100

(S) @Fe#
52.05 N/m as the surface stress of Fe~100! along @100#.

-
a

lar
t at

FIG. 4. The total stress change as a function of the thicknes
Ag grown on Fe whisker. The back extrapolation gives the A
induced surface stress change.
6-3
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Whereas surface stress and epitaxial misfit stress
clearly responsible for the measured stress in regimes I
III, respectively, the intermediate regime II is unexpecte
We discuss its physical origin in connection with the obs
vation of an ‘‘incubation’’ period in the reflection high en
ergy electron diffraction~RHEED! intensity oscillation mea-
surements by Unguriset al..14 Fe whiskers were also used
their growth and magnetism study,14 and we are therefore
confident that our stress results which were obtained un
similar growth conditions reflect the same surface morph
ogy as their RHEED study.

In Fig. 5 we compare~a! our stress measurements tak
under comparable conditions as the RHEED data by Ung
et al. shown in~b!. We added our labels I, II and III to thei
data in~b! and we find that regime II is characterized by t
absence of RHEED intensity oscillations. Evenly spac
RHEED oscillations become stronger as the system en
regime III. Unguris et al.14 attributed the absence of th
RHEED intensity oscillations to disorder and roughness
the Ag film for this thickness range between 1–5 ML.

It seems plausible to ascribe the absence of RHEED
cillations and the peculiar stress behavior in regime II to
same origin. This assertion is corroborated by stress m
surements, which we performed at a lower temperature
150 K and by RHEED measurements by Heinrichet al.15 at
140 K. We did not observe a stress regime II for this lo
temperature growth, as can be seen in the inset of Fig
Instead, we measured a monotonic compressive stress w

FIG. 5. Comparison of the stress data~a! with RHEED investi-
gations~adapted from Ref. 14 with the kind permission of the a
thors! during the growth of Ag on a Fe whisker under similar hig
temperature growth conditions.~b! Pronounced RHEED oscilla
tions due to layer-by-layer growth are seen in the misfit stress
gime III while they are absent in regime II.
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followed directly the initial stress change in region I, i.e
regime III of Fig. 5~a! directly follows regime I. The low
temperature RHEED data of Heinrichet al. show intensity
oscillations in the whole thickness range, in contrast to
absence of oscillations for the 366 K measurements show
Fig. 5~b!. We conclude that both stress and RHEED measu
ments indicate a change of the growth mode at low
temperature.

We suggest that the larger tendency for surface alloy
mation at higher temperature could be an important aspec
the temperature-driven change of growth mode. If one
sumes some intermixing between Ag and Fe at 366 K,
will lead to an interface region, which is chemically inhom
geneous and also structurally distorted due to the lar
atomic size of Ag as compared to Fe. The intermixing of t
surface region renders an estimate of the misfit between
deposit and the substrate doubtful, as we have no infor
tion on the chemical composition of a potential surface all
nor on its spatial homogeneity. Assuming substitutional d
fusion of Ag into the Fe surface, we expect that Fe will
expelled and subsequently incorporated into the growing
film. The amount of intermixing, i.e., the atomic concentr
tion of Fe within the Ag deposit will be smaller with increa
ing Ag thickness. This offers an explanation as to why t
system reverts to the regular stress and RHEED behavio
larger Ag thickness in regime III. Intermixing is thermall
activated,34–39 and leads to negligible intermixing at low
temperature. This explains the different stress and RHE
behavior at low temperature as compared to deposition
higher temperature.

This explanation relies on surface alloy formation of A
in Fe. Although Ag is not miscible in bulk Fe,40 surface alloy
formation is a well documented general phenomenon.41 In
short, atomic size mismatch suppresses intermixing in
bulk, but it favors intermixing at the surface. A recent sca
ning tunneling microscopy study of Au growth on a Fe~100!
whisker identified surface alloy formation for this chemica
and structurally similar system~Ag and Au have a nearly
identical atomic volume!.39 Therefore we expect some ten
dency for surface alloy formation also for Ag on Fe, thou
we are not aware of any experimental study which mig
offer direct experimental evidence for surface alloy form
tion of this system.

VI. CONCLUSION

Stress measurements are a sensitive tool to identify dif
ent growth regimes in monolayer thin films. A comparis
between measured stress and calculated misfit stress sug
that the growth of Ag on Fe occurs in the layer-by-lay
mode for films thicker than five layers. The measured str
of 20.6 GPa in this regime corresponds to the calcula
misfit stress, and indicates the applicability of continuu
elasticity for films as thin as 1 nm. The back-extrapolation
zero coverage indicates a surface stress of clean Fe~100! of
2.05 N/m, which is reduced upon Ag deposition. We ascr
the unexpected intermediate stress regime II at 1–5-ML
to a possible surface alloy formation. We performed str

-

e-
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STRESS AND GROWTH OF Ag MONOLAYERS ON A . . . PHYSICAL REVIEW B68, 045416 ~2003!
measurements at a low temperature~150 K!, which did not
show the intermediate stress regime II. Instead, the st
curve proceeds directly from regime I to regime III. The
results together with earlier RHEED work by other grou
support our conclusion that changes of the growth mode
be traced with high sensitivity by in situ stress measureme
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