PHYSICAL REVIEW B VOLUME 57, NUMBER 4 15 JANUARY 1998-I

Anisotropic diffusion of 3d metals on W(110: Competition between crystalline structure
and surface steps
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A dot of Fe, Co, Ni, or Cu was deposited on a cleafil\) surface by evaporation through a magk100
um). Upon annealing at 720—1070 K we observed by scanning Auger microscopy that for Fe, Co, and Ni a
1-ML-thick film spreads across the surface, whereas for Cu the simultaneous spreading of 1 and 2 ML was
found. For all materials the spreading is anisotropic, though significant differences between the elements were
found. For Fe the fast spreading direction is algh@0) and the anisotropy is caused by the crystallographic
structure of the substrate. For Co and Ni the fast spreading direction is determined at low spreading tempera-
tures(=<820 K) by the steps on the substrate surface. For the higher spreading temperatures the influence of the
steps becomes weaker and the crystallographic structure tends to determine the spreading anisotropy. For Cu,
the fast spreading direction for the first ML is along the step direction whereas the crystallographic structure
causes an anisotropic spreading of the second ML. The spreading behavior is discussed within the “unrolling
carpet” model [S0163-182628)02804-5

. INTRODUCTION the bulk of the substrafe®~1? Therefore the spreading be-
havior is completely determined by surface diffusion.

Surface diffusion plays an important role in many fields In our experiments we generated the source region on the
of surface science, e.g., in heterogeneous catalysis or tisirface by evaporating through a mask with a h@e100
growth of thin films. This has motivated numerous studies in«m), which resulted in a circular dot. There are two interest-
the past> using various experimental approaches. These agnd questions we wanted to answer with our experiments:
proaches can be roughly divided in two classes: On the on¥/hich concentration profile evolves during annealing of the
hand, the random walk of a single atom in the absence of §2MPle, and is the spreading isotropic? The dot represents a
concentration gradient is studied whereas in the so-calleffctangular starting concentration profile and if the diffusion
“spreading experiments,” where the spreading of material_co‘affICIentD |s.|ndeper_1dent of the Cof‘cer?”a“"”? Gauss-
from a “source” region on the surface is investigated, the!@n concentration profile after annealing is predicted by the

motion of many atoms under the influence ofaconcentratioﬁjlfoSIOn equatiort” For surface diffusion the assumption

o . : L thatD is independent of is in most cases not valiti®and
gradient is studied. The experiments we present in this PaPEfayiati ! . )
belong to the second class. eviations from a Gaussian concentration profile are ob-

: . . served. In some cases even a film of constant thickness
Our study of the spreading behavior of Fe, Co, Ni, and Cuspreads across the surfacenrolling carpet”).6 The con-

on W(110 were motivated by two main reasons. Firstly, the .o ation dependence Bfis due to adsorbate-substrate and
magnetic properties of ultrathin ferromagnetic films ongyqqrhate-adsorbate interactidhSo far two reasons for an-
single-crystal surfaces are an intensively studied subject. ‘Eotropic spreading have been reported. One is the crystallo-
has been shown that the magnetic properties of these f"”’g“’raphic structure of the substrafe,e., twofold symmetry of

are often correlated with their morphology. A good examplethe surface, and the other reason is steps on the sufface,
for this correlation is the system Fe(fM0).° As thin films i.e., fast spreading along the step direction. For the 1)
grow mostly far away from thermal equilibrium, the mor- surface both kinds of anisotropic spreading could be ex-
phology is often determined by the mobility of the adsorbingpected because of the twofold symmetry of the surface. In-
atoms. Therefore, the understanding of surface diffusion ogeed, we observe step-dominated anisotropic spreading as
an atomic scale is important for a better understanding ofvell as anisotropies caused by the crystallographic structure.
film growth. Spreading experiments on a micrometer scal&Vhich of the two regimes dominates depends on material
can give indirect information on the underlying atomic pro- and temperature.

cesses. Secondly, the preparation of laterally structured mag-

netic films has drawn much attention in the paghe tem- Il EXPERIMENTAL ASPECTS

perature stability of these microstructures is an important

question, with respect to their possible technical applications. All experiments were performed in a Physical Electronics
Spreading experiments like ours may give directly valuableéSAN 670 xi Auger microscope with a base pressure below
information on diffusion processes at high temperature. Il X 10™1° mbar. By putting a mask with a hole clogeis-
addition, Fe, Co, Ni, and Cu on W10 may also serve as tance about 10Q:m) to the crystal surface and depositing
model systems for studying surface diffusion because even atetal vapor through it we prepared a dot with a diameter of
elevated temperatures there is no alloy formation betweeapproximately 10Qum on the clean surface. The dots could
film and substrate nor diffusion of the adsorbate atoms intde prepared at the desired position on the surface with an
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FIG. 1. Spreading of Fe from a 20 ML Fe dot. ({@—(c) secondary electron images are shown. The anisotropic spreading can be seen
in (b) and(c). Auger line profiles along the lines depicted(ir) are shown in(d). In these profiles the intensity of the (763 e\j-Auger
transition was measured. It is clearly seen that the Fe-Auger intensity is constant in the diffusion zone. The intensity in the diffusion zone
corresponds to a Fe coverage of 1 ML. The large intensity variations in the central part of the profiles reflect the island structure in the central
part of the original dot area.

accuracy of+ 100 um. After preparing the dot, we analyzed after 5 min at 970 K as can be seen in Fi¢)1One is the
it by scanning electron and scanning Auger microscopyformation of large three-dimensional islands inside the origi-
(SEM and SAM. Then we annealed the sample repeatediynal dot area and the other is the spreading of Fe across the
for 20 s to 30 min at temperatures between 720 and 1070 Kungsten surface. The islands have an elongated shape and
and analyzed the dot in between. are oriented predominantly along tk&00 direction of the
The Fe, Co, and Ni were evaporated from high-puritysubstrate surface as secondary electron imé§Esimages
materials using an electron-beam evaporator whereas Cu wasth higher magnification show. We conclude from laterally
deposited frm a W 25% Re wire basket, which was resis- resolved Auger electron spectroscopy that the islands are
tively heated. The thickness of the deposit was checked witiore than 30 ML high with 1 ML Fe covering the tungsten
a quartz microbalance. During evaporation the pressure wasubstrate between them. The formation of three-dimensional
below 2x 10~ 1% mbar. The cleanliness of the deposited ma-islands with one thermally stable ML upon annealing was
terial was checked with Auger electron spectroscopgS).  already proposed by Berlowitz and co-workets explain
For all metals the contamination level was below the detectheir experimental results. In this paper we will not discuss
tion limit. the island formation but focus on the spreading behavior.
The tungsten crystal was oriented with a deviation lessThroughout this paper we will call the area covered by the
than 0.4° from(110. The sample was heated by electronspreading material the “diffusion zone.”
bombardment and the temperature was measured using a Figure Xc) shows clearly that after annealing at 970 K for
W-W 26% Re thermocouple. The crystal was cleaned byl8 min the diffusion zone is elliptically shaped with the long
cycles of annealing at 1800 K inx110~’ mbar oxygen and axis along the110 directions of the W110) surface. This
a subsequent flash to 2300 K. The impurity concentratioomeans that the Fe spreading is anisotropic with the fast
was controlled by AES and was found to be below 3% of arnspreading direction alon¢l10) and the slow spreading di-
atomic layer. rection along(100). After annealing for 5 min at the same
temperaturg¢Fig. 1(b)] the diffusion zone is also elliptically
Il RESULTS shaped although not as pronouncedly as in Fig). For Fe
the shape of the diffusion zone depends neither on the dot
Figures 1a)—(c) show an annealing sequence at 970 K forposition on the substrate nor on the annealing temperature.
a 20-ML-thick Fe dot. Two significant changes are observedCo, Ni, and Cu behave differently, as shown below.
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FIG. 2. Spreading of Co at two different positions on thél\0) surface and at various temperatures. The Auger maps show the lateral
intensity distribution for the G@75 e\)-Auger transition. The Co coverage in the diffusion zone is 1 ML. From the differences in the
spreading anisotropies for the two positions one can conclude on the influence of steps on the spreading, as discussed in detail in the text.
The white arrows indicate the supposed step direction for each of the two positions on the surface. The thickness of the Co dot was initially

20 ML.

In Fig. 1(d) Fe-Auger line profiles along th@g10 and the  on the surface and throughout the entire temperature range
(100 directions are shown, respectively. These line profilesnvestigated870—1070 K. The strong intensity variations in
show a constant Fe signal intensity within the diffusion zonethe central part of the dot area reflect the island structure
with a sharp drop to zero at the edge of the diffusion zoneinside the original dot area as seen in the SE images.

This means that the Fe concentration is constant in the dif- The spreading of Co for various temperatures at two dif-
fusion zone. The Fe signal intensity in the diffusion zoneferent positions on the tungsten surface is shown in Fig. 2.
corresponds to £ 0.1 ML as we conclude from the compari- The Auger maps of Figs.(d), 2(c), and Ze) were taken at
son of the W169 eV) Auger signal intensity from within the the same position on the W crystal surface. This position we
diffusion zone and from the uncovered surface. This concenwill refer to throughout this paper as “position 1.” The po-
tration profile was observed independent of the dot positiorsition where the Auger maps shown in Fig$b)2 2(d), and
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FIG. 3. Spreading of Ni at 1070 K at two different positions on thél¥0)) surface. The Auger maps show the lateral intensity
distribution for the N{775 eVj-Auger transition. The thickness of the Ni dot was initially 20 ML. It is clearly seen from the different shaped
diffusion zones for the two positions that there is a strong influence of the steps on the spreading anisotropy.

2(f) were taken will be referred to as “position 2.” It was rections are the same as for 820 K. At 1070 K the diffusion
located approximately 2 mm away from position 1. Indepen-zones for the Ni spreadin@ee Fig. 3 for the two positions
dent of dot position and throughout the entire temperaturd and 2 look very similar to the diffusion zones for the Co
range investigated, we observed the same concentration prepreading at 920 KFigs. Zc) and 2d)]. The temperature
file in the diffusion zone for the spreading of Co, i.e., adependence of the spreading anisotropy for Ni is the same as
constant coverage of 1 ML in the diffusion zone with a sharpfor Co but similarly shaped diffusion zones for Ni and Co
drop to zero at its edge. spreading are observed at temperatures approximately 150 K
The Co spreading at 820 K is strongly anisotropic for bothhigher for Ni than for Co. This means that the temperature
dot positions as seen in Figs(a@ and Zb) but the fast induced changes in the spreading anisotropies are shifted to
spreading direction is different at the two positions. At posi-higher temperatures for Ni compared to Co.
tion 1 the fast direction includes an angle of approximately In Fig. 4 the development of an 8 ML Cu dot at position
25° with the (110 direction whereas the fast spreading di- 1 for a diffusion temperature of 820 K is shown. In contrast
rection is almost parallel tdL00) at position 2. For 920 K the to the metals discussed so far we observed the spreading of
spreading anisotropy is not as pronounced as at 8PBigs.  two distinct coverages. Line profiles show that the edges of
2(c) and Zd)]. It seems that the fast direction is tilted mar- the two zones are sharp and from laterally resolved Auger
ginally towards theg(110 directions at position 1, while at electron spectroscopy we conclude that the coverages are 1
position 2 the anisotropy is less pronounced than at positioand 2 ML, respectively. Auger maps with higher magnifica-
1. Figures 2e) and Zf) show that at 1070 K the diffusion tion show that Cu forms three-dimensional islands in the
zones are nearly identical for both positions. At this temperaeriginal dot area. Between the islands, 2 ML Cu cover the
ture the anisotropy is very similar to the anisotropy observedV(110 substrate. This island formation with two thermally
for the spreading of Fe. stable ML was previously reported by Bauer and
For Ni a series of experiments were made similar to thoseoworkers'? After the original Cu dot is completely dis-
performed for Co. A 1-ML-thick film with a sharp boundary solved, the size of the area covered by 2 ML starts to de-
spreads across the surface in complete analogy to Fe and Gwease whereas the first ML continues spreading. For the first
Upon annealing at 820 K the fast spreading direction is theML the fast spreading direction is along the step direction for
same as for Co with an even stronger anisotropy. At 920 Khe entire temperature range investiga@2i0 to 820 K. For
the anisotropy is less pronounced but the fast spreading dihe second ML the form of the diffusion zone is of course
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FIG. 4. Spreading behavior of Cu at 820 K. The lateral intensity distribution of tti@12we\}-Auger transition is shown. The thickness
of the Cu dot was 8 ML initially. The distinct coverages are indicated in the images. Figyrehbws that the size of the area covered by
2 ML decreases after the original dot is completely dissolved, whereas the first ML continues to spread out. The fast spreading direction for
the first ML is along the step direction, whereas the fast spreading for the second ML is{(a0ihg
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1- and a 2-ML-thick film spread simultaneously across the
surface. TDS(Ref. 12 shows three separated desorption
peaks for Cu on MlL10). This means that atoms in the first
ML have the highest binding energy. Atoms in the second
ML have a lower binding energy compared to atoms in the
first layer but atoms in subsequent layers have an even lower
°T binding energy. This is in contrast to Fe, Co, and Ni on
W(110) for which the binding energy for atoms in the second
and subsequent layers is the same within the resolution of
TDS. Obviously, the influence of the substrate reaches far-
Csj ther into the overlayer of Cu than into Fe, Co, and Ni. Thus,
the spreading behavior of Cu on(10 can be explained by
an “unrolling carpet” mechanism both for the propagation
X 0 of the first and the second ML zone. This means that atoms
FIG. 5. (3 shows a hard ball model of the “unrolling carpet” diffuse on top of the second ML and fall on top of the first
mechanism. The concentration on top of the first ML is exagger-’vIL as soon as they reach the edge of the second ML zone.
ated. In(b) the concentration profile used for the quantitative de- 1N€ atoms either stay at the edge of the second ML zone,
scription of the “unrolling carpet” mechanism discussed in the text Which leads to growth of this zone or they diffuse away on
is shown. The concentration gradient on top of the first ML istop of the first ML and become immobile as soon as they
exaggerated. reach the edge of the first ML zone and come into contact
with the W substrate. The diffusion on top of the first layer
influenced by the spreading anisotropy of the first layer, buteads to the growth of the 1 ML zone.
if this is the only reason for the elliptically shaped 2 ML ~ Now we will discuss the reasons for the spreading
zone, the long axis of the ellipse should be perpendicular t@nisotropies for Fe, Co, and Ni. Cu is discussed separately.
the fast spreading direction of the first ML. Figure 4 showsAS mentioned above the diffusion zone propagates in the
that this is not the case. Instead, the long axis of the ellipse isunrolling carpet” model via diffusion of atoms on top of
a|ong <100> Thus, we can conclude that the fast Spreadindhe first immobile ML. This means that the Crystallographic

first layer

substrate

Crn,

Y Ymm

direction for the second ML is also alorg00). structure of the first ML can determine the anisotropy. In this
case the anisotropy should be independent of the dot posi-
IV. DISCUSSION tion. In our experiments we cannot determine the crystallo-

graphic structure in the diffusion zone, and, therefore, rely

We will first discuss the concentration profiles in the dif- on assumptions based on experimental data from growth ex-
fusion zone for the four metals investigated. Fe, Co, and Nperiments. For FéRefs. 6, 8, 20, and 31he first ML grows
show qualitatively the same concentration profiles in the difpseudomorphically on the W10 substrate, i.e., it has
fusion zone, i.e., a 1-ML-thick film with a sharp boundary bca110 structure. For CdRef. 29 and Ni (Refs. 11, 23,
spreads across the surface. This spreading behavior has besrd 24 a transition from a pseudomorphic layer to a dis-
found for other systems, e.g., Pd on(140),*® and is known torted fc¢111) structure was observed. TDRefs. 23 and
as “unrolling carpet” behaviot®!° Figure 5a) shows sche- 25) shows that for Ni the binding energy is higher in the
matically how the corresponding “unrolling carpet” model pseudomorphic layer than in the distorted(fickd) layer. Be-
describes the propagation of the diffusion zone. It is assumedause of the similarities in the growth mode we think this is
that the atoms in the first ML are immobile. On top of the also valid for Co. The concentration in which the atoms have
first layer, atoms diffuse in a very dilute concentration underthe highest binding energy should spread across the
the influence of a concentration gradightg. 5(b)]. As soon  surface'® Thus, we assume that the crystallographic struc-
as they reach the edge of the diffusion zone and come intture of Fe, Co, and Ni in the diffusion zone is pseudomorphic
contact with the substrate they get trapped. This was disto the W(110) surface, i.e., the ML has b¢tl0) structure.
cussed in detail for the spreading of Pd and Au ofll¥0) We found that for Fe the spreading anisotropy does not
by Butz and Wagnel® They supposed a higher binding en- depend on the dot position on the surface. Therefore, we
ergy of atoms in the first ML compared to atoms in subse-conclude that the spreading anisotropy for Fe is only deter-
quent layers to be the reason for this kind of spreading bemined by the crystallographic structure in the diffusion zone.
havior. For Fe, Co, and Ni on Y10 this argument also Because of the twofold symmetry of a §t&0) surface an
holds as thermal desorption spectrosca@pS) reveals. anisotropic spreading is not surprising; details are discussed
TDS (Refs. 8-1] shows for Fe, Co, and Ni two clearly below. As we assume the same crystallographic structure in
separated desorption peaks. The peak at the higher tempethe diffusion zone we should observe the same spreading
ture is attributed to desorption from the first layer, whereasanisotropy for Co and Ni as for Fe. This is only true for Co
the peak at the lower temperature is due to desorption aspreading at high temperatur@d®70 K). Only then the crys-
atoms in excess of the first layers. This means that for altallographic structure determines the spreading anisotropy. In
three metals the atoms in the first layer have a higher bindinthe other cases the anisotropy depends strongly on the dot
energy than atoms in higher layers. This similarity in theposition on the surface. This means that the anisotropy de-
binding conditions for Fe, Co, and Ni is reflected in the pends on the local morphology of the substrate surface. In
similarity of the concentration profiles in the diffusion zone. their work on vicinal W110) surfaces Butz and Wagriér

A different spreading behavior is observed for Cu. Here éhave shown that steps can determine the spreading anisot-
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profile they used for the calculations is depicted in Figp)5
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In Eqg. (1) D is the diffusion coefficient for the diffusion on

top of the first layercg the concentration very close to the

dot, ¢y the concentration in the first layer, ahdhe diffu-

sion time. Equatioril) means that the spreading length is

proportional to the square root of the diffusion timeFor a

FIG. 6. Quantitative analysis of the spreading of Fe of1Y0).
(a) shows the time dependence of the spreading leKgtfor 970
K. X, proportional to+t is confirmed for the slow and the fast
spreading direction(b) shows an Arrhenius plot for experiments at

various diffusion temperatureb. From the slopes of the straight antitative analvsis of the spreading lenath in our two-
lines the overall activation energy for the spreading process wa uantitativ ysl P ing gin | u

determined. One obtains for both spreading directions the sam |_men5|onal .dlffu.smn_problem we exploit only experlments
activation energy of 1.2 eV. For all temperatures the spreading?v'th short diffusion times and, therefore, short spreading
e

lengthX,, along(110) is approximately a factor2 larger than along 1€Ngths, so that we can use E@) as a good approximation
(100. in spite of being rigorously valid only in one dimension. For

Fe, Fig. §a) shows a plot of the spreading length versus
ropy and that the fast spreading direction is along the stepshe square root of the diffusion time. A linear dependence is
Therefore, we suppose that we have large areas on the si@onfirmed. For Co the spreading lengths at 1070 K are too
face with preferential step directions. Different step orienta-big for the one-dimensional approximation of Ed) even
tions at position 1 and 2 would then explain the different fastfor the shortest experimentally feasible diffusion times. For
spreading directions. The supposed step directions for thdi we did not reach the temperature range where the anisot-
two positions are indicated in Figs(a#? and 2b) by white  ropy is determined by the crystallographic structure before
arrows. For higher temperatures, the shapes of the diffusiowe reach diffusion temperatures where a significant amount
zones become more similar for the two positions, whichof material would evaporate. Therefore, it is not possible to
means that the influence of steps weakens and the crystallguantitatively discuss the spreading of Co or Ni, respec-
graphic structure in the diffusion zone tends to determine th&vely, in the regime where the spreading anisotropy is deter-
spreading anisotropy. So we conclude that the anisotropgnined by the crystallographic structure.
caused by steps is superimposed onto the anisotropy causedBoth D andcg-cy,_ in Eq. (1) are temperature dependent.
by the crystallographic structure in the diffusion zone. WeObviously the temperature dependence frshould be
will discuss later by which mechanism steps may influenceArrhenius-like! cs-cy,, is the concentration of atoms on top
the spreading behavior. of the first ML, which is in thermal equilibrium with the

Now we will discuss quantitatively the Fe spreading for source, i.e., the dot. For this concentration we can also ex-
which the anisotropy is determined by the crystallographicpect an Arrhenius-like temperature dependeficéé.With
structure in the diffusion zone. Butz and Wadfiéf and  these assumptions f@ andcs-cy, one obtains for the tem-
Noro and co-worker§ developed a quantitative description perature dependence of the spreading lergh(Refs. 16
of the “unrolling carpet” mechanism. The concentration and 26,
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In Eq. (3) Dy is the diffusion coefficient for diffusion over

) o o the terracesDg the diffusion coefficient for diffusion over
In Eq.(2), E47 is the activation energy for diffusion on top of o stepsw; the mean terrace width ands the width of a
the first ML, E, is the difference in binding energy for atoms step  The highest Schwoebel barrier observed so far is 0.2
in the dot and on top of the first MLK is Boltzmann’s eV.3O If we take this value and assume as 30 nm(corre_
constant andl the diffusion temperature. By plotting the sponds to a miscut of 0.1andwsg as 3 A, therD o for 820
logarithmic term in Eq(2) versus KT (“Arrhenius plot”), K is 0.87D+. This is quite a small effect and cannot account
the overall activation energy for the spreading process can bglone for the observed ratio of spreading length along the
calculated from the slope of the straight line. This plot issteps: spreading length perpendicular to the steps of 10:1
shown for the Fe spreading in Figd® for the(110 and the (Fig. 2). So it seems probable that mainly an enhanced
(100 directions. The same overall activation energy of (1.2spreading along the steps causes the step related anisotropy.
+0.1) eV is obtained. At fixed temperature the ratio of the Butz and Wagnéf developed an extension of the “un-
spreading lengthX({!'? : x{1% Jies between 1.3 and 1.5. rolling carpet” model to describe the enhanced spreading

We will now present a model that explains the anisotropicalong steps. T_hey sp_lit the diffusion current into the _current
spreading with the same activation energies for the fast anglond the stepgs and into the current across the terrages
the slow spreading direction. Looking at E@) in principle The currents are described by
there are two factors that could be responsible for different Fr
spreading lengths in different directions. The diffusion coef- j7=D7t X
ficient D and/or the concentratiots-cy, on top of the first
ML could be anisotropic. We will see that it is sufficient to Je
discuss an anisotropic diffusion coefficiddtto explain our js=NDg =S
experimental results. It is known from field ion microscépy K

that single atoms on a b@cl0) surface move via jumps |n Eq. (4) Dg the diffusion coefficient for diffusion along
along the closed packddl]} directions as shown in Flg 7. StepS,N the Step density, and.l_ and Cg are the concentra-
The distance covered along ttEL0Q) direction is a facto¥2  tions on top of the first ML on terraces and at steps, respec-
larger than the distance covered alddg0. The activation tively. For a fixedX the two concentrations are in thermal
energy for both directions is the same because the motion iequilibrium with each other which means that

both directions occurs via the same kind of jumps. This

means that the diffusion coefficient alofl0 is twice that cs=cre!Fs Er/kD )

along (100 for all temperatures. If this is also true forin s /)i with E< being the binding energy for a ledge site and

Eq. (1) andcs-Cy is isotropic, then we should observe the g he pinding energy for a terrace site. Because the binding

same overall activation energy for both spreading directiongnergy at ledge sites is higher than at terrace sites, for a fixed

and a spreading length that #2~1.4 larger along110  giffusion temperature the concentration at ledge sites is a

than along(100. This agrees well with our experimental certain factor higher than at terrace sites for every fiXed

findings as described above. This results in a higher concentration gradient along steps
We will now discuss how steps cause anisotropic spreaccompared to the concentration gradient along terrEes

ing. One can imagine two possible ways. On the one hands(p)]. Therefore,jg can be bigger thaij; even if NDg is

the diffusion perpendicular to the steps can be hindered, semaller thanD;, as should be the case for typical mean

that the spreading is slower than on the step-free surface; angrrace widths. The model of Butz and Wagfiagives, for
on the other hand, the spreading along the steps could kfe relation between the two currents,

enhanced. We cannot distinguish between these two possi-

bilities from our experiments. Butz and Wagtfaperformed is SEIKT

experiments for the spreading of Pd on(M/0) with differ- F:Aoe , OE=Egqr—EgstEs—Ey (6)

ent step densities and found that the step density has no

influence on the spreading length perpendicular to the stepwith E4r (Eqs) the activation energy for diffusion over the
but the higher the step density the larger the spreading lengtierracegalong steps A, is a temperature-independent factor
along the steps. Therefore, they concluded that the spreadittgpending on the geometry of the surface, especially on the
perpendicular to the steps is not hindered but the spreadirgfep density. The higher the step density the largégisi.e.,
along the steps is enhanced. This is supported by calculatiolse more important is the mass transport along steps. The
by Natori and Godby® They demonstrated that in a steady- energy SE, describing the temperature dependence of the
state situation, which is present in the case of spreading binfluence of steps on the spreading anisotropy, should not be
the “unrolling carpet” mechanism, only the Schwoebel bar- confused with the overall activation enerBy describing the

rier is effective and not the higher binding energies at ledgeemperature dependence of the spreading length. The term
sites. This means that steps without the Schwoebel barrier d6y41-E4s in SE originates from the different activation ener-
not hinder the spreading perpendicular to the step direction afies for diffusion along steps or across terraces, respectively.
all. The effective diffusion coefficierD o for diffusion per-  In most cases the activation energy for diffusion along steps
pendicular to the steps can be calculated &fter will be higher than for terrace diffusion due to the higher

4



57 ANISOTROPIC DIFFUSION OF @ METALS ON.. .. 2527

coordination at the ledge site. Therefore, this term would be TABLE I. Overall activation energies for the spreading of Fe,
negative. For some systems there is experimental evidenceCo, Ni and the first ML Cu as well as spreading lengths along the
or theoretical predictiotf—3*for diffusion along steps having fast spreading direction at 820 K.

a lower activation energy compared to terrace diffusion. I : :
this caseE 41- E4s would be larger than zero. But even if this Fe Co Ni- Cu(First ML)
term is negative _it_ will be outweighe(_j by the second term.g;qy 12401 0901 1.1+0.2 0.740.1
T_hls term is positive because the bln_dlng energy at Iedgg(b after <25+5 158+5 168+5 367+5
sites is always higher than on terrgce_s¢E§,.- Eq| shouldbe 54 4 820 Kpum

larger than|E4-Eyd because activation energies for diffu-
sion are in the range of 10—30 % of binding energies. There-

fore, 6E should always be positive. It is important to clarify SEc,. The second ML spreads fast alofif)0). Steps cannot
that according to the model of Butz and Wagner presentegle the reason for this fast spreading direction of the second
here the mass transport along steps can dominate althougly sg that probably the crystallographic structure of the 2
the diffusion coefficient for diffusion along steps is smaller pj.  zone determines the anisotropy. Lilienkamp and
than for diffusion across terraces. The reason for this is thatq.\workers® reported that 2 ML Cu on W10 show a
due to the differences in binding energy the concentration w15 superstructure. This corresponds to a distorted
gradiept, i.e., the driving force for mass transport, annngC(lll) structure with pseudomorphism alott00) and an
steps is larger than on terraces. additional periodicity along110). Due to surface buckling
Equation(6) can also explain the observed temperatureyn an atomic scale this structure shows “channels” along
dependence of the spreading anisotropy. The higher the dif100. We think that this channel structure causes a fast
fusion temperature, the less important is mass transport alo reading along100) because the binding sites alo(ifL0
steps. The two diffusion currents are related to the observé?r)e not equivalent and it is, thus, probable that an atom faces
spreading anisotropies in the following way: jif is much  an additional energy barrier if it tries to leave the channel.
bigger thanjs, the anisotropy will be determined by the  Tnhe spreading of Cu along the steps can be described
crystallographic structure in the diffusion zone. On the Otherquantitatively by the same coupled equations as derived by
hand, if the diffusion current along the steps is much biggeNgro and co-workef for the system Ag/Fd10. In gen-
than the current across the terraces, the direction of fa%raL these equations cannot be solved, but Noro and co-
spreading will be that of the step direction. This means thajyorkers reported that for a certain thickness of the initial Ag
at higher diffusion temperatures the crystallographic strucyeposit the edge of the 2 ML zone does not move. In this
ture tends to determine the anisotropy whereas steps have thgse the spreading of the first ML can be described in the
strongest influence for low temperatures. We observe exactlygme way as discussed for the Co spreading with the edge of
that behavior in our experiments for the spreading of Co anghe second ML as a source for diffusing atoms. The leaving
Ni. Without making any assumption on the step density, Weatoms are replaced by atoms from the three-dimensional is-
may say that lands formed on top of the second ML. For Cu one can also
find a thickness for the initial dot so that the 2 ML edge does
SEp< SE,<JEy;. @) not move. This thickness is 4.5 ML. Our experimental data
We note that this is the first time that the crossover fromshow the predicted correlation between the spreading length
step-controlled spreading anisotropy to an anisotropy deteiX, and the diffusion timet (X, proportional tot). The
mined by the crystallographic structure with increasing dif-overall activation energy for the spreading of the first ML Cu
fusion temperature as predicted by the model of Butz ands listed in Table I.
Wagner has been observed experimentally. Now the spreading behavior of the four metals investi-
For experimental reasons it is not feasible to study theyated will be compared. For Fe the spreading length is much
spreading behavior of Ni and Co quantitatively in a temperasmaller than for Co, Ni, and the first ML QTable |) along
ture range where the crystallographic structure determinethe fast direction. The comparison of the overall activation
the anisotropy. However, in the temperature range where thenergies shows very similar values for Fe, Co, and Ni, but
spreading along the steps dominates, the spreading lengtime has to take into account, that for Fe the mass transport
along the steps should be proportional to the square root ajccurs over the terraces whereas for the other three metals
the diffusion time and for the temperature dependence of themass transport along the steps dominates. We think that the
spreading length Eq2) should hold ifE=E,+Eyy is re-  additional mass transport along the steps accounts for the
placed byE=E4s+ E,+ Er—Eg.'® We find that our experi- larger spreading length for Co and Ni compared to Fe. For
mental data fulfill the predicted time dependence as well athe first ML Cu we have the biggest spreading length, which
the temperature dependence. In Table | the overall activatiooorresponds well to the fact that we also observe the lowest
energiesE are listed. The activation energies will be dis- overall activation energy. This low activation energy to-
cussed below in comparison with the results for the Cugether with the mass transport along the steps accounts for
spreading. the large spreading length for Cu.
For Cu we have observed different spreading anisotropies For none of the investigated metals is it feasible to extract
for the 1 and 2 ML zone, respectively. For the first ML the the individual contributing energies, e.geqt, from the
fast spreading direction is along the steps throughout theverall activation energy because none of them is indepen-
entire temperature range investigatagd to 820 K. Thiscan  dently known from experiment or from theory. All one can
be explained by the model discussed above. By comparisosay is that the overall activation energies determined from
with Co we can conclude thadE_, is at least as big as our experiments are of the right order of magnitude. The
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activation energies for diffusion are in the range of someand the overall activation enerdy and to reproduce our
tenth of an eV and the differences in binding energy betweerxperimental results one has to carry out a detailed theoreti-
various sites should be up to 1 é¥>3*Bond counting ar- cal investigation calculating a complete set of relevant bind-
guments similar to those used by Burton, Franck, andng and activation energies for each metal.
Cabrerd® in their TKL model suggest that all binding ener-
gies, for instance, at a ledge site, and all activation energies,
e.g., Eq1, scale with the binding energy for atoms in the
second ML in the same way for Fe, Co, Ni, and Cu. This We have performed spreading experiments for Fe, Co, Ni,
does not agree with our experimental findings for the follow-and Cu on W110. Our results can be summarized as fol-
ing reasons: If the contributing single energies scale for eaclows.
metal in the same way, thefE and the overall activatio& (a) For Fe, Co, and Ni one pseudomorphic ML spreads
should vary in the same manner between the different metacross the surface. This behavior can be explained by the
als. Experimentally it is observed that the spreading of the‘unrolling carpet” model. For Cu 1 and 2 ML spread out
first ML Cu has by far the smallest overall activation energysimultaneously. The different spreading behaviors for Fe,
but the 6E is at least as large as for the Co spreading. TheCo, and Ni on the one hand and Cu on the other reflect the
second point is that the binding energies for Fe, Co, and Ndifferent binding situations. For Fe, Co, and Ni layers on top
in the second ML are nearly the same, as can be concludesf the first ML have the same binding energy whereas for Cu
from TDS®°° This means, that the big differences &  the second layer has a higher binding energy than the subse-
between the three metals, indicated by the large differenceguent layers.
in influence of steps on the spreading behavior, cannot be (b) For Fe the crystallographic structure in the diffusion
explained by the assumption that the single energy contribuzone determines the spreading anisotropy up to 1070 K,
tions scale with the binding energy in the second ML. Obvi-which results in fast spreading aloifjl0. For Co the fast
ously simple bond counting arguments cannot explain ouspreading direction is along the steps of the substrate up to
experimental findings. 920 K. Above 1000 K the anisotropy is determined by the
A factor that one has certainly to take into account is thecrystallographic structure in the diffusion zoffast spread-
influence of the substrate. For example, the substrate causigy direction along(110). For Ni the influence of steps is
a strain in the metal overlayers. The pseudomorphic Fe Mleven more pronounced and can be clearly seen up to 1070 K.
is homogeneously strained by-9.4% (tensile strain  Higher diffusion temperatures were not investigated because
whereas the pseudomorphic ML for Co and Ni are inhomo-+then significant desorption of the diffusing material occurs.
geneously strained. The tensile strain algh@0) is —3.6% (c) The anisotropy for the spreading of the first ML Cu is
(—2.8%) and alond100 21.2%(20.7% for Ni (Co). Dif- determined by steps. For the second ML the fast spreading
fusion on strained surfaces was theoretically investigated bgirection is along(100), which is caused by the crystallo-
Schroeder and Wolf for (100) surfaces of fcc, bee, and sc graphic structure of the Cu layer at a thickness of 2 ML.
crystals. They found that strains of 5% significantly change (d) We have determined the overall activation energies for
the activation energies for diffusion on terraces. In generalthe spreading processes for Fe, Co, Ni, and(Table ).
tensile stress increases the energy barrier whereas compres-We have shown that the anisotropy caused by steps is
sive stress reduces the activation energy. How the strain auperimposed onto the anisotropy due to the crystallographic
fects the activation energy for diffusion along steps is notstructure. Which anisotropy dominates is temperature depen-
known so far. It seems possible that in our experiments thélent, as predicted by the model of Butz and Wagner. We
differences in the strain account for differences in the diffu-observed for the first time the predicted crossover from a
sion behavior between Fe on the one hand and Co and Ni ostep-controlled spreading anisotropy at low diffusion tem-
the other hand. We think that to fully understand the influ-peratures to an anisotropy determined by the crystallographic
ence of the substrate on the single energy contributio@&to structure at high diffusion temperatures.
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