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Abstract

The growth mode, morphology, and crystalline structure of Fe films on Cu3Au(100) are studied for different growth temperatures
(300 and 160 K), using in situ scanning tunneling microscopy and low energy electron diffraction. Multilayer growth is found to be
predominant for both growth temperatures. Only in films of 3–4 monolayers (ML) grown at 300 K is a mixed mode of layer-by-
layer growth and island growth observed. An fcc-to-bcc structural transformation, accompanied by a distinct change in the surface
topography, starts at about 3.5 ML and 5.5 ML for the growth temperatures of 300 and 160 K, respectively. For both growth
temperatures bcc-like Fe in Fe/Cu3Au(100) assumes, most likely through a Bain path, a surface plane with the (100) rather than
the (110) orientation found in the Fe/Cu(100) system. Both the surface morphology and the onset thickness of the fcc–bcc structural
transformation are shown to be strongly affected by the growth temperature. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction interrelations between magnetic properties and
structure as well as morphology. This manifests

The interplay between morphology, structure, itself essentially in two important aspects: The first
and magnetic properties has recently become one concerns the dependence of the magnetic phase on
of the main interests in the study of magnetic thin the lattice parameter [1–3]. For example, in
films. The magnetic properties in thin film systems Fe/Cu(100) films grown at 300 K, varying the film
often appear to be conditioned by crystalline struc- thickness or changing the growth temperature, the
ture and morphology, which in turn depend sensi- (fct–fcc) structural evolution has been shown to
tively on the preparation conditions such as the be responsible for a magnetic phase transition
growth temperature and the substrate. In particu- from the ferromagnetic to the antiferromagnetic
lar, fcc-like Fe films have been extensively investi- (or paramagnetic) phase [4,5]. The structural evo-
gated in recent years owing to the diverse lution gives rise to a change of the lattice parame-

ter, leading to the magnetic phase transition. This
behavior is mainly attributed to the critical value
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(3.64 Å from Ref. [1]) and the antiferromagnetic effect of structural transformation and roughness
on magnetic properties will also be given inphase (3.59 Å from Ref. [6 ]) of fcc-like Fe.

By using an alternative substrate such as Section 5.
Cu3Au(100) [7], having a larger lattice constant
(3.75 Å), the fcc-like Fe films exhibit the ferromag-
netic phase only, independently of the growth 2. Experimental
temperature [7,8]. So far, this aspect is theoreti-
cally and experimentally reasonably well under- The experiments were carried out in situ in

three different UHV chambers (base pressurestood, as indicated above by Refs. [1–8].
The second aspect is the influence of the struc- 2×10−8 Pa). The investigation of the crystalline

structure of the sample was undertaken in a UHVtural and morphological properties, such as the
structural transformation and the interface or sur- system equipped with facilities for LEED, Auger

electron spectroscopy (AES), and thin film growth.face roughness etc. on the magnetic anisotropies
and especially on the spin reorientation transition. A face-to-face arrangement of the LEED system

and the AES system permits the MEED measure-In Fe/Cu(100), it has been observed that the
reorientation transition of the magnetization ment in a grazing incidence geometry, by recording

the intensity of the specular electron beam dis-vector from a perpendicular to an in-plane direc-
tion is associated with an fcc–bcc structural trans- played on the LEED fluorescent screen. To moni-

tor the process of film growth, MEED with anformation [4]. Nevertheless, the extreme sensitivity
of the magnetic phase in this system to the crystal- incidence angle of less than 5° was employed

during the evaporation of iron. Studies of theline structure makes it difficult to extract possible
influences of other morphological and structural surface morphology were carried out in another

UHV system equipped for STM and AES, andfactors on the magnetic properties. It is therefore
necessary to have a more stable magnetic phase, with iron evaporators. The scanning tunneling

microscope involved a special design, such that theas observed in fcc-like Fe/Cu3Au(100) films [7,8],
in order to investigate the influence of (fcc to bcc) films could be deposited without removing the

sample from the STM position [9]. Our scanningstructural transformations and the surface rough-
ness on the magnetism. tunneling microscope is thus able to follow the

process of film growth in the very same region ofTherefore, we performed a study of the growth,
morphology, and structure of Fe films on the surface. Since this scanning tunneling micro-

scope works only at room temperature, this specialCu3Au(100) at different growth temperatures,
using scanning tunneling microscopy (STM), low capability is limited to the case of the film growth

at room temperature. For film growth at lowenergy electron diffraction (LEED), and medium
energy electron diffraction (MEED). This study temperature, we use another STM system, where

the sample was first cooled on a manipulator andprovides the essential knowledge of structure and
morphology for the identification of their interrela- after deposition transferred into the scanning tun-

neling microscope. All STM images were taken intion with the magnetic properties.
In Section 2 the experimental details are the constant current mode at positive or negative

sample bias voltage of about 1.0 V and a tunnelingdescribed. In Section 3 we focus on the particular
properties of the Cu3Au(100) substrate which may current of about 1.0 nA.

The pressure during Fe deposition was keptbe important factors in determining the growth
mode and the surface morphology of the film. below 5×10−8 Pa at an evaporation rate of about

1 ML min−1. Fe films were grown at two temper-Results of the STM studies and the LEED meas-
urements are shown in Section 4. Section 5 com- atures, 300 and 160 K. The sample temperature

was carefully controlled within a range of ±5 K.bines the discussion of the growth mode, the
findings on the film topography, and the fcc–bcc The films grown at 160 K were briefly annealed at

300 K before measurement in order to ensure astructural transformation with a comparison with
the Fe/Cu(100) system. A brief discussion of the film preparation procedure comparable with that
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of other low-temperature grown films used in the tempered at 600 K for 30 min. (Cu3Au(100) exhib-
its a chemical order/disorder transition at ~660 Kmagnetic measurement. According to our primary
[13]). After such a treatment the LEED patternstudy [10], however, significant effects of annealing
of the substrate revealed a clear c(2×2) super-at 300 K on the film morphology and the critical
structure which is usually observed in a well-thickness for the spin reorientation were not
ordered Cu3Au(100) crystal. In the next sectionobserved.
we will give a more detailed description of theFor the structural investigation of the films
particularities of the Cu3Au(100) alloy crystalLEED I(E ) measurements were performed. A full
surface which may influence the film growth.interpretation of a LEED I(E) curve is in general

more involved than can be done within a kinematic
theory. Information on the average vertical
interlayer distance, however, can already be

3. Particularity of the Cu
3
Au(100) substrateextracted from the LEED I(E) curves taken for

the (0,0) diffraction beam, by considering a con-
Fig. 1a shows the LEED pattern of thestructive interference condition for the electron

Cu3Au(100) alloy substrate prepared as describedwave (Bragg condition) within the kinematic
above (i.e. 30 min additional tempering at 600 K).analysis. The vertical interlayer distance a

)
can

It reveals a p(1×1) symmetry and a clear c(2×2)then be expressed as:
superstructure. The c(2×2) superstructure is due
to the L12-type lattice below the chemical

a
)

(n)=
npB

E2m(Ep+V
0
) sin h

. (1) order/disorder transition temperature of 660 K,
which can be visualized by an fcc unit cell with
gold atoms at the cube corners, and copper atoms

Here, the integer n is the order of the correspond- in the center of each face of the cube (see Fig. 1b).
ing interference, Ep the primary energy of the Above the transition temperature the crystal struc-
electron, V0 is the additional energy shift due to ture may be described as a simple fcc lattice with
the average inner potential in the crystal, m is the 75% (25%) probability to find a Cu (Au) atom at
electron mass, and h is the incident angle with a given lattice site, resulting in a p(1×1) LEED
respect to the sample surface. h is 4° in our pattern.
measurements, and the [001] direction of the crys- Assuming a simple truncation of the bulk crys-
tal surface lies in the reflective scattering plane of tal, a well-ordered Cu3Au(100) surface has two
the electron beam. a

)
is determined by a linear possible atomic arrangements: (i) a pure Cu sur-

regression of E versus n2. This method has been face, and (ii) a Au-rich surface with 50% gold
successfully applied in Fe/Cu(100) [11,12] for concentration (Cu–Au surface). In a previous high
monitoring the average vertical interlayer distance energy ion scattering experiment [14] the composi-
as a function of temperature. tion ratio Au/Cu of the topmost layer was deter-

The substrate used for growing Fe films was a mined to be close to unity. A strong preference of
disk-shaped Cu3Au(100) single crystal. It was ini- a mixed Cu–Au surface termination and the pre-
tially treated by cycles of Ar+ ion sputtering dominant appearance of bilayer steps were also
(20 min at 1.5 keV ) and annealing (15 min at reported by Niehus et al. in a study using low
900 K) for a period of about 50 h. After this energy ion scattering and in an atomic resolution
procedure the bulk contaminants (mainly carbon STM experiment [15]. It must be noted that in
and sulfur) had reduced below 2% of a monolayer order to restore the chemical ordering, the samples
as checked by AES. Prior to deposition of the Fe used in Refs. [14,15] were prepared by an extensive
films the Cu3Au(100) crystal was cleaned by annealing procedure (20 h at ~450 K or 4 h at
1.5 keV Ar+ ion bombardment and annealed to ~650 K in Ref. [14], 10 h at 500 K in Ref. [15]).
900 K for 2 min. In addition, in order to restore Since details of the surface topography such as

the extension of the terraces, existence of bilayerthe chemical ordering of the alloy substrate, it was
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Fig. 1. (a) The LEED pattern of clean ordered Cu3Au(100) and (b) its crystallographic model. The c(2×2) superstructure indicates
the chemical order of the alloy substrate.

or monolayer steps, and the chemical composition ments of our crystal exhibit a preferred terrace
edge orientation along [011] in all three prepara-of the substrate surface may have a decisive influ-

ence on the film growth, it is important to obtain tion processes, in agreement with Ref. [15].
Fig. 2a shows the STM image of the substratea better characterization of the Cu3Au(100) sub-

strate used in our work, and to develop a suitable surface prepared by procedure (a). The line scan
profile in Fig. 2b marks the presence of bothpreparation process. To investigate the effect of

the annealing time, the results of three different monolayer and bilayer steps. As shown schemati-
cally for an ideally ordered Cu3Au(100) in Fig. 2c,preparation procedures were compared regarding

the chemical ordering and the topography of the two surface planes (or terraces) separated by a
bilayer step should have the same chemical con-crystal surface: After sputtering and 2 min of

annealing at 900 K the sample was annealed at figuration (either a pure Cu or a Cu–Au surface),
and those separated by a monolayer step must600 K for (a) 30 min, (b) 6 h, or (c) with the help

of liquid nitrogen cooled to 300 K in 5 min without have different surfaces. To address this aspect,
however, it is necessary to recall the role of surfaceannealing at 600 K. For all three procedures, a

clear c(2×2) superstructure on the LEED pattern segregation in Cu3Au(100) below and above the
order–disorder transition temperature (660 K),was observed. Only after procedure (c) did the

surface reveal a considerably weaker intensity of which was theoretically predicted by atomistic
simulations [16] or semi-infinite lattice-gas modelsthe (1/2,1/2) superstructure spots, while in the

other two cases the intensity was nearly the same. [17], and was reported by experimental results of
X-ray scattering [18]. It results in an increase ofThis indicates that our crystal prepared after any

of these three procedures revealed at least a par- the Au concentration in the layers close to the
surface, leading to a mixture of the ordered andtially developed chemical order.

The average extension of the terraces in our disordered phase even at room temperature. A
further indirect indication in our STM data whichSTM images is of the order of 500 Å, which is

about a factor of 5 larger than that shown in may help us to identify the surface with a mixed
chemical configuration is the following finding:Ref. [15]. This value did not change significantly

in the above three cases, indicating that the annea- Some STM images reveal bias-voltage dependent
image qualities for the terrace surfaces separatedling at 600 K does not have a crucial influence on

the dimensions of the terraces. The STM measure- by monolayer steps, indicating different chemical
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Fig. 2. (a) STM image of an ordered Cu3Au(100) surface. There is a preferred terrace orientation along [011]. (b) The line scan
profile indicates two different step heights: a monolayer and two bilayer steps. As shown in (c) the schematic picture of the
Cu3Au(100) crystal, two terraces separated by a monolayer step should have different chemical configurations on the surface, while
those separated by a bilayer step should have the same surface termination.

configurations of these surfaces1. For the terrace are greater than unity and close to each other,
indicate that the crystal surface prefers a certainsurfaces separated by bilayer steps we did not find

any significant difference in STM image qualities. surface termination and reaches almost the same
chemical order after 30 min of annealing at 600 KTherefore, with the help of this finding we can still

separate terraces with different configurations by with respect to the surface microtopography. A
further annealing process did not improve thedistinguishing monolayer or bilayer steps, although

we cannot determine what kind of surface configu- chemical order and the surface configuration
beyond this state. This is why the Cu3Au(100)ration an individual terrace has. The surface ter-

minations may be, for example, only partially crystal used for the film growth in this work was
reordered for 30 min rather than for several hours,ordered, i.e. partially ‘‘Cu’’ and ‘‘Cu–Au’’ surfaces

due to the surface segregation of Au. saving considerably preparation time.
Since Au in the bulk has a lower surface freeIn our STM data, both bilayer and monolayer

steps were always found even after 6 h annealing energy (1.6 J m−2) than Cu (1.9 J m−2) [19–21], a
different concentration of Au on the substrateat 600 K. In these STM images the areas of terraces

with two different surface configurations were mea- surface may give rise to a different growth mode.
In order to follow the Fe growth for differentsured. The area ratio between two different ter-

minations amounts to 1.56, 1.51, and 1.05 for the surface terminations, the scanning range for
growth at 300 K was intentionally chosen, ascases with 30 min, 6 h annealing at 600 K, and fast

cooling, respectively. The first two values, which shown in Fig. 2a, to include both monolayer and
bilayer steps, and consequently different surface

1 This effect is due to a certain ‘‘instability’’ of the tip at terminations. Based on the above discussion, the
variation of the sample bias or during scanning, which may left two terraces, separated by a monolayer step,
catch some individual particles for some time. Such an unstable

are thus expected to have different surface config-tip, which is often found at the beginning of the measurement,
urations. It will be shown later in the next sectionmay give rise to some sensitivity to the different electronic con-

figurations of terraces. that no distinct difference in growth mode and
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morphology of Fe films on these two different along 011�. Following the island growth at both
coverages of 2.2 ML and 2.5 ML, one sees thatsurface configurations is found.
islands prefer to coalesce with other islands in the
011� orientation, while there is a tendency to
remain disconnected in the 001� orientation.4. Experimental results and analysis
Comparing the images of coverages up to 2.5 ML
on the left two terraces, which, as mentioned4.1. Topography of Fe/Cu

3
Au(100) films

above, should have different surface terminations,
we do not observe differences in the surface topog-4.1.1. Growth at 300 K

In our previous paper [7] we have identified raphy for the two different surface terminations.
The Fe films on all terraces show a multilayerfrom MEED experiments for growth at 300 K of

the Fe film three thickness regions with different growth with a preferential coalescence orientation
011�, indicating no influence of the differentgrowth behavior. In order to make contact with

the MEED curve in Ref. [7], the STM images for chemical configurations of different terraces on the
film growth. Also no difference between filmsgrowth at 300 K are also presented for these three

regions: the initial stage of growth before the first growing along monolayer steps and along bilayer
steps is found. According to our AES data andrelative maximum in MEED intensity (0–2.5 ML,

region A), two maxima with the same intensity STM images taken at different bias voltage, we
find no evidence of interdiffusion in the initial(2.5–4.5 ML, region B), and the thickness range

with the decreasing MEED intensity (>4.5 ML, nucleation stage2. This could be why we find no
substantial difference in the Fe growth on the tworegion C). Later, we will also compare the results

of both STM and MEED experiments. different terrace termination.

4.1.1.2. Region B: 2.5–4.5 ML. Fig. 4a–c shows4.1.1.1. Region A: 0–2.5 ML. Fig. 3 shows the
STM images taken on a 100 nm×100 nm scale for STM images of Fe films at coverages of 3.0, 3.5,

and 4.0 ML. At 3.0 ML (Fig. 4a) the first andFe coverages of 0.4, 1.1, 2.2, and 2.5 ML. We see
the three terraces separated by a monolayer step second layers are almost completely filled (the tiny

darkest parts on each terrace). In this image mainlyand a bilayer step as mentioned above. The left
two terraces should include two different surface the third and the fourth layers are exposed (the

second brightest and the brightest part on eachconfigurations of Cu3Au(100). Up to 0.4 ML iron
grows in a high nucleation density mode (224 000 terrace, see also gray scale referring to the middle

terrace indicated in Fig. 4). The third layer isislands mm−2) with an average island size of
1.3 nm2 at 0.4 ML, smaller than that of nearly completed (about 82% layer filling3). The

fourth layer appears as islands (31% layer filling).Fe/Cu(100) films grown at 300 K [22]. The layer
filling of the second layer at this coverage is 4% The line scan profile gives a height of the Fe layer

of (1.9±0.2) Å, which corresponds to the verticalof the whole observed area.
At a coverage of 1.1 ML, the layer filling of the interlayer spacing of the substrate. This indicates

an fcc-like structure of the Fe layers at this cover-first layer reaches only 68%, while that of the
second layer is already 30%. One can also see age. Note that the regular shape of the Fe islands

found at lower coverages is still well developed.several third layer islands (the brightest parts on
each terrace). Note that the islands become larger Some small irregular patches on the topmost
but are still separated from each other, far away

2 In this case, the surface segregation is expected to be veryfrom percolation of the first layer. A significant
sensitive to the growth temperature and may occur already atpart of the substrate surface is still exposed. The
a slightly higher temperature than room temperature.films up to this coverage clearly reveal a multilayer

3 The layer fillings are determined by taking a histogram of
growth. At higher coverages of 2.2 ML and the height distribution from the STM images and counting the
2.5 ML, the Fe islands become much larger and relative area (percentage) with the corresponding layer height

with respect to the total area investigated.their shape indicates a preferential growth oriented
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Fig. 3. STM images of (a) 0.4 ML, (b) 1.1 ML, (c) 2.2 ML, and (d) 2.5 ML Fe on Cu3Au(100) for growth at 300 K. Note that Fe
islands at coverages starting from 2.2 ML reveal a regular shape with a preferred 011� orientation.

islands are observed at a coverage of 3.5 ML. They gray) associated with the 0.5 Å fractional height
in the line scan profile in Fig. 4d. The histogramare seen for the first time at that coverage

(Fig. 4b). The line scan profile shown in Fig. 4d of the height distribution taken over the area A
indicates two different layer distances: 1.9 Å andreveals two typical heights: (1.9±0.2) Å and

(0.5±0.2) Å. The fractional value of the latter 1.5 Å. The former is, as indicated in the line scan
of Fig. 4d, the value corresponding to the fcc-likeindicates some distorted structure, possibly attrib-

uted to dislocation or buckling of the Fe film. layers. The latter can be identified with the bulk
interlayer distance of (100)-oriented bcc Fe. InThese irregular Fe patches can be expected to

indicate the onset of some kind of fcc–bcc struc- contrast, area B is chosen across the edge of the
bilayer step. The layer distance between the regulartural transformation, which must appear above a

certain coverage according to basic thermo- Fe layers located at the upper and the lower terrace
is shown to be 3.8 Å, being consistent with thedynamic considerations [22]. We can obtain fur-

ther structural information by taking the height height of a bilayer step on the Cu3Au(100) surface
(see also Fig. 2).distribution of two areas denoted A and B, as

indicated in Fig. 5, which is a magnification of As compared with the 3.5 ML film, the irregular
Fe patches at 4.0 ML become larger and moreFig. 4b. The area A includes the regular Fe layers

(gray and black), and an irregular Fe patch (white numerous and reveal an irregular shape (Fig. 4c),
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Fig. 4. STM images of (a) 3.0 ML, (b) 3.5 ML, and (c) 4.0 ML Fe films on Cu3Au(100) for growth at 300 K; (d) the height profile
along the line indicated in (b). The gray scale is used to indicate the corresponding layer on the middle terrace. Two values of step
heights are found in (d): 1.9 Å for the regular island and the fractional height of 0.5 Å.

in contrast to Fe islands at lower coverages. At (4.0 ML and 4.9 ML) show the layer height of the
irregular patches to be 1.5–1.6 Å. This supportsthis coverage, however, one can still see the regular

island shape with the 011� orientation despite our hypothesis that the fractional height of Fe
patches marks the onset of a structural transforma-many irregular Fe patches grown on the topmost

layer of the film. tion, and suggests furthermore that the irregular
Fe patches can be referred to a bcc-like phase with
(100) orientation. (Note that since an ‘‘fcc’’ or4.1.1.3. Region C: coverages higher than

4.5 ML. In Fe films of 4.9 and 5.4 ML (Fig. 6) ‘‘bcc’’ structure needs at least three layers to be
defined, we refer to the irregular Fe patches as athe irregular Fe patches dominate the surface

topology so that the surface is rougher than that bcc-like phase in the sense that their neighboring
layer distance can be identified with that of a bccof the 3–4 ML films. At 5.4 ML, none of the

regular Fe islands which are characteristic for the structure.)
Finally, the layer filling versus the total coveragelower layers are observed. Fe films of even higher

coverages investigated (up to 9 ML) reveal a sur- is plotted in Fig. 7 for all coverages investigated.
This graph gives quantitative information aboutface topography similar to those of 5.4 ML. All

the height distributions taken at higher coverages the layer distribution of the films. After the depos-
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Fig. 5. Part of the STM image shown originally in Fig. 4(b), but on an enlarged scale. The height distribution plots on the right-
hand panel stem from the two areas denoted A and B, as indicated by white rectangles in the STM image. The area A is particularly
chosen to include the regular Fe layers (gray and black) as well as an irregular Fe patch (white gray). The histogram of the height
distribution taken over the area A results in two different layer distances: 1.9 Å and 1.5 Å, corresponding to the values of the vertical
interlayer distances of fcc-like Fe(100) and bcc-like Fe(100), respectively. The layer distance 3.8 Å obtained in the area B is consistent
with the height of a bilayer step on the Cu3Au(100) surface.

Fig. 6. STM images of (a) 4.9 ML, (b) 5.4 ML Fe films on Cu3Au(100) for growth at 300 K. The film surface is covered by irregular
Fe islands, and the regular Fe layers are almost not visible.

ition of only ~0.4 ML, already the second layer neous growth of three layers is characteristic for
films thinner than 3 ML. Going to 3 and 4 ML,islands start to nucleate. At 1 ML total coverage

the first layer is only 68% filled and the missing one finds a higher filling of the third and fourth
layer, (more than 80%), indicating a transition to32% of material have formed second (30% layer

filling) and third layer (2% layer filling) islands. a quasi layer-by-layer growth mode, as indicated
by the MEED measurement (cf. Ref. [7] orAt 2 ML the second layer is only 70% completed

and the third layer has already a 40% layer filling. Fig. 18). The uncompleted lower layers and a
significant amount of higher layer islands indicate,The first layer is still uncompleted. This simulta-
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random network-like morphology. Moreover, as
shown in the image, such a surface morphology is
found not only in the topmost layer but also in
the lower layers. Hence, the coalescence of the
topmost layer must already occur before the next
lower layer is completely closed. At step edges this
has a particular consequence. Fe islands at the
edge of the terrace tend to connect with higher
layer islands from a lower lying terrace. This is
seen from the irregular shape of the terrace edges
as compared with the clean substrate. The joined
islands form an irregularly shaped network-like
layer, which extends over the edge of the terraceFig. 7. Layer filling of the first six layers as a function of the

total coverage for Fe/Cu3Au(100) films grown at 300 K. of the substrate, thereby changing the actual posi-
Numbers 1–6 refer to the layer filling of the first to the sixth tion of the terrace edge. The original terrace steps
layer, respectively. At 1 ML (2 ML) total coverages the first of the substrate are thus obscured by the growing
(second) layer is only 68% (70%) filled. A simultaneous growth

islands during this growth process. The new terraceof three layers is characteristic for films of coverages less than
edges still seem to retain the similar preferred3 ML. In spite of a higher layer filling (~80%) of the third

(fourth) layer at 3 ML (4 ML), the unclosed lower layers and orientation of [011] as the original terrace steps
a significant amount of higher layers indicate that this film on the substrate.
growth is still far from an ideal layer-by-layer growth.

The film at 6.2 ML shows an astonishingly
smooth surface morphology (Fig. 8c). The sixth

however, that this layer growth is still far from layer is almost completely closed, only some holes
being ideal. can be seen. The bright spots are islands of the

seventh layer. The tendency of islands to connect
4.1.2. Growth at 160 K

to each other found at 4.6 ML can be seen as aFig. 8 shows the STM images taken at 300 K
precursor of the relatively flat surface at 6.2 ML.from Fe films of 2.2, 4.6, 6.2, and 9.0 ML grown
The surface, however, is not as smooth as is usuallyat 160 K. They are, in contrast to the case of
found for a good layer-by-layer growth. In angrowth at 300 K, not taken at the same region. At
enlarged view (Fig. 9), the film surface exhibits aa coverage of 2.2 ML (Fig. 8a), we see mostly the
network-like fine structure with small nearly squarethird ( light gray on the large terrace) and second
units. This structure is only found at this coverage(dark gray) layer of Fe with a layer filling of 46%
with an ‘‘almost closed film’’, but not at lowerand 88%, respectively. The first layer has a layer
coverages. After a more detailed analysis, thefilling of ~96% and only about 4% of the substrate
nearly square units are determined to have a sideis exposed (both first layer and substrate are
length of 7–14 Å. The line scan profile B in Fig. 9displayed in a similar gray level and are thus not
shows that the ridges of the network have a heightdistinguishable in this image.) These values of the
of about 0.15 Å. Line scan profile A shows that alayer filling indicate a multilayer growth, which is
fine structure is also present along the same orien-often observed at low temperatures owing to the
tation on the top of the island of the seventh layerreduced mobility of the adatoms. In contrast to
(bright region in the image). This indicates thatFe films grown at 300 K at the same coverage (see
the adsorbed Fe atoms are bound on the basis ofFig. 3c), only few Fe islands coalesce in the case
this network-like structure (thus not a flat surface)of growth at 160 K.
and that the islands in the seventh layer keep theGoing to 4.6 ML (Fig. 8b), the Fe islands tend
corrugated morphology of the sixth layer.to join one another and still grow without the

The film at a coverage of 9.0 ML exhibits apronounced step edge orientation found in films
grown at 300 K. This leads to the formation of a surface with a relatively high island density and a
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Fig. 8. STM images of (a) 2.2 ML, (b) 4.6 ML, (c) 6.2 ML, and (d) 9.0 ML Fe/Cu3Au(100) grown at 160 K. The film at 2.2 ML
clearly reveal an island growth, as usually observed at low temperature growth. At 4.6 ML, the Fe islands tend to connect each other,
however, in contrast to the case of growth at 300 K, without a pronounced preferential orientation, forming a random network-like
morphology. The 6.2 ML film shows an astonishingly smooth film surface, however, with a network-like fine structure, which is more
clearly shown by a zoomed STM image in Fig. 9. Going to 9.0 ML, the film has a relatively high island density and a small island
size, which may be attributed to the reduction of the mobility of adatoms due to the network-like fine structure observed at 6.2 ML.

small island size (Fig. 8d), in contrast to films at denoted by A and B, respectively, and indicated
by the white rectangle in the STM image of thelower coverages. This island growth may be par-

tially attributed to the network-like fine structure 6.2 ML thick Fe film shown in Fig. 8c.
The height distribution of area A gives an islandobserved first at around 6.2 ML, which reduces

the mobility of adatoms with respect to a flat height with respect to the almost closed layer of
about 1.6 Å. This value is significantly out ofsurface, leading to a three dimensional island

formation and thus a film surface with a relatively registry with the Fe fcc(100) structure and close
to the value of the interlayer distance of the (100)large roughness.

The height distributions obtained at coverages bcc phase of Fe, as found in the case of growth at
300 K. At area B, a value of the interlayer heightof 2.2 and 4.6 ML (not shown) exhibit a layer or

island height of 1.9±0.2 Å, corresponding to an of 1.9 Å is obtained, which is consistent with the
vertical interlayer spacing of the substrate. Notefcc-like structure. This indicates that Fe layers

(islands) up to about 5 ML still keep the fcc- that area B is intentionally chosen to include the
edges of the terrace, because it is otherwise impos-registry with the substrate. At higher coverages a

different behavior is found. Fig. 10 shows the sible to get the interlayer height of the almost
closed layers. Since, as indicated above, the originalheight distributions taken on two different areas
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Fig. 9. The STM image of a 14 nm×14 nm zoomed area of 6.2 ML Fe/Cu3Au(100) grown at 160 K shown originally in Fig. 8(c).
A network-like fine structure with small nearly square units is clearly observed. The profile plot on the right hand panel shows the
line scan along the lines marked by A and B, which indicate a side length of 7–14 Å for the nearly square units.

Fig. 10. Height distribution plots (right side) taken at two areas denoted A and B, as indicated by white rectangles in the STM image
of 6.2 ML Fe/Cu3Au(100) grown at 160 K shown originally in Fig. 8(c). The height distribution obtained within area A gives an
island height of 1.6 Å, corresponding to the bcc-like Fe(100) structure. The value 1.9 Å obtained from area B is consistent with the
vertical interlayer spacing of the fcc(100) substrate.

edge position of the substrate is obscured by the than that of the original terrace of the substrate.
Thus the almost closed (sixth) layer at 6.2 ML stillconnected layers from the neighboring terraces,

the terrace edge observed at 6.2 ML should repre- has the fcc-like phase. According to these findings
at 4.6 ML and 6.2 ML, we conclude that thesent the step height of the as-grown layers rather
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fcc–bcc structural transformation should start (4.2%) in fcc-like Fe on Cu3Au(100), as compared
between 5 ML and 6 ML. with the case of Fe/Cu(100) (1%). A structural

study of Fe
x
Co1−x/Cu(100) alloy thin films indi-

4.2. Crystalline structure cated that the compressive strain is more likely
accommodated by forming a regular reconstruc-

4.2.1. Growth at 300 K ture than the tensile strain [23]. Moreover, the
Fig. 11 shows the LEED pattern of 3.2 ML strain in our case may also be too high to be

Fe/Cu3Au(100) grown at 300 K. The diffraction relieved merely through the minimal lateral
pattern reveals a p(1×1) structure similar to that rearrangement of the atoms (reconstruction) as
of (10) spots of the substrate, indicating a pseudo- found in Fe/Cu(100). Instead, numerous defects
morphic growth of the Fe films. The (1/2,1/2) in a form of the island growth, as shown in our
superstructure spots, which were observed for the STM data (Figs. 3 and 4), could accommodate
clean ordered Cu3Au(100) substrate (Fig. 1a), the strain mostly.
however, have disappeared. An important finding More quantitative structural information can be
is that no superstructure due to a reconstruction obtained from LEED I(E ) measurements. Fig. 12
of the Fe layers was observed at all coverages contains a compilation of LEED I(E) curves of
under investigation, in contrast with Fe/Cu(100) the (0,0) diffraction beam taken at 160 K for clean
films grown at 300 K, where a (4×1) and (5×1) Cu3Au(100) and various Fe coverages t. The solid
superstructure was found in the coverage regime and dotted lines indicate two different peak
of the perpendicular ferromagnetic phase [4]. The sequences with equal EE distances, which corre-
absence of regular reconstruction as indicated in spond to two different structural phases. The
the LEED pattern may be attributed to the high indices at these lines denote the integer number of
tensile strain due to an enhanced lattice mismatch the electron wavelength associated with a con-

structive interference as shown in Eq. (1). The first
peak sequence (solid lines) found for films at low
coverages appears to be a continuation of the
substrate pattern and must be related to the
fcc(100)-like phase in a pseudomorphic structure
on the Cu3Au(100) substrate. Its intensity
decreases with increasing Fe thickness and disap-
pears at a coverage of 7.7 ML. The second peak
sequence (dotted lines) occurs in films of ≥3.4 ML
and becomes predominant at higher coverages.
Films at coverages of 3.4–5.8 ML are characterized
by a coexistence of these two structural phases, at
coverages larger than 7.7 ML only the second peak
sequence can be observed.

Since some peaks in the LEED I(E) curves
which are due to multiple scattering [24] may
overlap with the peaks indicated above, it is some-
times difficult to determine the exact film thicknessFig. 11. The LEED pattern, taken at 160 K, of a 3.2 ML Fe
for the onset of the second peak sequence. Thefilm on Cu3Au(100) grown at 300 K reveal a p(1×1) structure

similar to that of (1,0) spots of the substrate, indicating a pseu- method used here is to take the ratio of the
domorphic growth of the film. The (1/2,1/2) superstructure intensities of the second peak sequence (or the
spots observed on the clean ordered Cu3Au(100) are obscured peak with the same energy position as one of theby the Fe film. Note that, in contrast to the findings of

second peak sequence) to the first peak sequenceFe/Cu(100), no (4×1) or (5×1) superstructure spots due to a
reconstruction of the Fe film are observed. (for example, the peak around 110 eV to the peak
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the first appearance of the irregular Fe patches as
seen in the STM images above (Fig. 4b and d).

The energetic positions of the peak sequences
versus the index n2, as an example, for 1.6 ML
and 7.7 ML films are plotted in Fig. 13, which
demonstrates the quality of the EE periodicity of
the ‘‘Bragg’’ maximal peaks in the I(E ) curves.
The average vertical interlayer distances a0) can
be extracted from the slope of the straight lines by
applying Eq. (1). The values of a0) for those two
peak sequences at all coverages investigated are
depicted in Fig. 14. From the clean substrate we
get a0)=1.89±0.02 Å. This is only slightly larger
than the literature value of 1.875 Å [19]. The value
of a0) for the first peak sequence does not change
for films up to 3.0 ML and increases only slightly
at coverages above 3.0 ML, indicating a structural
continuation of the fcc structure of the substrate,
as mentioned above. All values of a0) extracted
from the second peak sequence are close to the
interlayer distance of (100)-oriented bcc Fe
(a0)=1.43 Å) rather than to that of a Fe bcc(011)
structure (a0)=2.02 Å). This agrees well with the
finding from the STM images.

The absence of a contracted a0) indicates in the
first place that, within the limited probing depth
(about 3 ML) by this method, the atomic volume
does not stay constant in pseudomorphic films.
This finding somehow seems to contradict the
usual expectation that in pseudomorphic films with

Fig. 12. LEED I(E ) curves of the (0,0) beam of the clean
ordered Cu3Au(100) substrate and Fe/Cu3Au(100) grown at
300 K for various coverages. The solid and dashed lines indicate
two different periodic peak sequences with the intensity weight
depending on the thickness. The indices denote the integer num-
bers of the single scattering Bragg interference condition. Note
that a superposition of these two peak sequences is found in
the coverage range of about 3.4–5.8 ML.

of the first sequence with index 4). An increase of
this ratio with the film thickness can be interpreted
as the appearance of the new (second) peak
sequence. The onset thickness for the second struc-
tural phase is then identified as the thickness at
which the ratio defined above starts to increase

Fig. 13. Energy positions of the periodic I(E) peak sequenceswith film thickness. In this way we determined the
versus the index n2 for Fe/Cu3Au(100) films grown at 300 K

onset of the second peak sequence to be at with coverages of 1.6 ML (full circles) and 7.7 ML (open cir-
~3.5 ML for growth at 300 K. Note that this cles). The values of a0) are extracted from the slope of the

straight lines applying Eq. (1).onset thickness obtained here agrees very well with
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like phases from 3.5 ML up to about 6 ML in the
LEED data indicates further that the as-grown
fcc-like Fe underlayers or parts of them still con-
serve their structure at least up to this coverage.
Combining these findings of STM and LEED, we
can thus conclude that—starting from a coverage
of ~3.5 ML—the bcc-like Fe patches with their
irregular shape grow on top of the fcc-like islands
(or layers) and progressively cover the entire sur-
face of the fcc-like underlayers with increasing
thickness, rather than different structural patterns
side by side.

Finally, a pronounced structural transformation
affecting the entire film such as the martensitic
transformation found in Fe/Cu(100) grown atFig. 14. Two different average vertical interlayer distances a

)
extracted from the two peak sequences in the I(E ) curves of 300 K [28,29] seems not to take place here. For
Fig. 12. They are related to fcc-like (full circles) and bcc-like Fe iron films on Cu3Au(100) up to 9 ML, the STM
(open circles), respectively. The values of the vertical interlayer images show a similar surface topology to that atdistance of the Cu3Au(100) substrate (measured) and bcc(100)

coverages of 4.9 ML. The structure of theFe bulk (from literature) are indicated by horizontal lines.
underlayers under these conditions is of course
barely accessible. The absence of an fcc-related
peak sequence in the LEED I(E) curves at higheran expanded in-plane lattice, such as in our case,

the perpendicular lattice parameter should be con- coverages should thus be mainly attributed to the
intensity attenuation of the diffracted electrontracted via a Poisson ratio in order to keep the

atomic volume constant [25]. This contradiction, beam through the bcc-like overlayers.
however, may be explained if we take the compli-
cated correlation of the lattice parameter and the 4.2.2. Growth at 160 K

The LEED patterns of Fe/Cu3Au(100) grownmagnetic moment as well as the magnetic phase
in fcc-like Fe [1,2,26,27] into account. In bulk at 160 K exhibit cubic symmetry similar to that of

the substrate, indicating a pseudomorphic growthcalculations, the magnetic moment of fcc-like Fe
has been shown to increase with increasing lattice in an fcc-like structure, as found in films grown at

300 K. A sequence of LEED patterns at increasingconstant [1,2,26,27]. It is thus particularly likely
for fcc-like Fe thin films to have more than one coverage show a progressive disappearance of the

(1/2,1/2) spots of the c(2×2) superstructure ofmetastable atomic volume, which are connected to
various ferromagnetic metastable fct states, accom- the substrate, which can, however, still be seen at

higher coverages (see, for example, LEED patternpanied by different magnetic moments. Recently,
by using site-specific Mössbauer spectroscopy, of 3.2 ML Fe film grown at 160 K in Fig. 15), as

compared with the films grown at 300 K (cf.Keavney et al. [3] have observed that the average
magnetic moment of fcc-like Fe films, which were Fig. 11). This is attributed to island growth at low

temperature, as shown in the STM images above,grown on Cu1−xAu
x
(100) with varying lattice con-

stant a0, increases with a0. Unfortunately, there with more area of the substrate and of the first Fe
layer still exposed than for growth at 300 K at thewas no comment in their work on the behavior of

the corresponding vertical interlayer distance. same nominal coverage. This leads to a smaller
attenuation of the beams from the substrate.The STM images in Fig. 4 show that the regular

Fe layers are not covered by the irregular (bcc- Similar to the finding in Fe/Cu3Au(100) grown at
300 K, no other superstructure (e.g. (4×1) andlike) Fe patches yet do not reveal any distinct

change in morphology and conserve their fcc-like (5×1)) due to reconstruction of film atoms, which
was observed in Fe/Cu(100) [4], is found here.structure. The coexistence of the fcc-like and bcc-
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a coverage of 6.2 ML (cf. Fig. 10). A coexistence
of both fcc-like and bcc-like structures is also
found at coverages between 5 and 7 ML. Note
that the (100) bcc phase starts to develop at a
coverage of about 5.5 ML. This value is larger
than that in Fe/Cu3Au(100) grown at 300 K.

5. Discussion

5.1. Growth mode of Fe/Cu
3
Au(100)

Recording RHEED or MEED intensity oscilla-
tions during deposition is a widely used and conve-
nient way of area averaging real-time growth
diagnostics, while STM can take a direct image of
the geometrical structure of the film surface, giving

Fig. 15. The LEED pattern, taken at 160 K, of a 3.2 ML Fe more quantitative information about local surface
film on Cu3Au(100) grown at 160 K reveal a p(1×1) structure

roughness, island density, and growth mode. Insimilar to that of the (1,0) spots of the substrate, indicating a
order to make contact between STM and MEEDpseudomorphic growth of the film, also without any indication

of (4×1) or (5×1) superstructure. Different from the case of measurements, the roughness extracted from STM
growth at 300 K, the (1/2,1/2) superstructure spots from the data is compared with the MEED specular inten-
ordered substrate can be still observed. This can be attributed sity curve. In Fig. 18 both the surface mean rough-
to a smaller attenuation of the electron beam from the substrate

ness R (solid triangles) and the MEED speculardue to an enhanced exposure area of the substrate surface in
intensity (solid line) are plotted as a function ofan island growth at low temperature, as compared with the

room temperature growth. Fe thickness for Fe/Cu3Au(100) grown at 300 K.
Here, the surface mean roughness R is defined by
the mean distance of the surface from a reference

Figs. 16 and 17 are plots of the LEED I(E ) center plane with the average height, expressed as
curves, and of the interlayer distance a0) follows:
as function of Fe thickness obtained form the
LEED I(E ) curves. Similar to the finding in

R=
1

L
x
L
y
P
0

L
y P

0

L
x f (x,y) dx dy (2)Fe/Cu3Au(100) grown at 300 K, one observes two

structural phases corresponding to two different
interlayer distances. The relative weights of these where f (x,y) is the distance from the surface to

the reference plane with average height, (x,y) thetwo structural phases depend again on the Fe
thickness. At Fe thicknesses up to ~5 ML the first lateral coordinates along the surface, and L

x
, L

y
are the dimensions of the surface. A high value ofstructural phase (indicated by solid lines in

Fig. 16), which is related to the fcc-like structure, R corresponds to a film surface morphology with
many layers simultaneously exposed and a largeis found in this region, as shown in Fig. 17, a0)

increases with the Fe thickness reaching a value of fraction of layers with an individual height far
away from the average height, giving a wide histo-(1.98±0.02) Å at 5.5 ML. At coverages higher

than 3.6 ML a new peak sequence appears. The gram of height distribution. In the plot of the film
roughness three characteristic features are foundvalues (around 1.5 Å) of the corresponding a0) of

this second sequence are much smaller than the and agree qualitatively very well with the three
growth regions determined from MEED. At thevalue for bcc(110) Fe (2.02 Å) and close to that

of a bcc(100) Fe (1.43 Å), being consistent with initial stage of growth (region A, up to 2.5 ML)
the high roughness corresponds to a pronouncedthe finding of the layer height from STM data at
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Fig. 17. Two different average vertical interlayer distance a
)

calculated from the I(E ) curves of Fig. 16 for the films grown
at 160 K. They are related to fcc-like (full circles) and bcc-like
Fe (open circles), respectively. The values of the vertical
interlayer distance of the Cu3Au(100) substrate (measured) and
bcc(100) Fe bulk (from literature) are indicated by horizontal
lines. The onset of the growth of bcc-like Fe is delayed to a
higher coverage of ~5.5 ML, as compared to growth at 300 K.

to a layer-by-layer-like growth mode in Region B.
Exhibiting this large average roughness (or small
MEED specular intensity), the layer-by-layer-like
film growth in region B should be connected in a
complicated way to a multilayer or island growth
mode. In region C, one can only observe very
shallow oscillations with minima in the STM data
(or maxima in the MEED data) in the vicinity of

Fig. 16. LEED I(E ) curves of the (00) beam of the clean 5 and 6 ML. Finally, at higher coverages, the drop
ordered Cu3Au(100) substrate and Fe/Cu3Au(100) grown at of the MEED specular intensity corresponds to
160 K for various coverages. The solid and dashed lines indicate

a film morphology with a large roughness astwo different periodic peak sequences with the intensity weight
observed in STM.depending on the thickness. The indices denote the integer num-

bers of the single scattering Bragg interference condition. The quantitative relationship between the sur-
Different from the case of growth at 300 K, the superposition face topology measured by STM and the diffrac-
of two peak sequences is observed at higher coverages from tion intensity variations obtained by MEED is
~5.5 to 6.9 ML.

complex [30,31]. In the absence of a quantitative
link between these two methods one still obtains
a good qualitative agreement between the meanintensity drop in MEED. As shown in the STM

images above (Fig. 3), Fe films at these coverages roughness in STM and the MEED specular inten-
sity. Furthermore, this agreement also demon-reveal a high island density. In region B

(2.5–4.5 ML), one also finds two distinct oscilla- strates a reproducible film quality of these samples
prepared in different chambers for the two sets oftions in the roughness plot with minima at cover-

ages of 3 and 4 ML, which have, however, still measurements: Films grow at low coverage in a
multilayer mode, from 3 to 4 ML in a quasi layer-a much higher roughness than the clean

Cu3Au(100) surface. The roughness (or MEED) by-layer mode (mixing of layer-by-layer and multi-
layer growth modes) and then go into the regionoscillations with a periodicity of 1 ML are related
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regularly shaped Fe (fcc-like) islands at coverages
up to ~3.5 ML for films grown at 300 K. At these
coverages Fe islands obviously prefer to grow
along the in-plane 011� orientations, in contrast
to the situation in the Fe/Cu(100) system, where
a preferred orientation of island growth is not
observed [22]. As indicated in Section 4.1, the
influence of the different chemical configurations
on the film growth and morphology is obscured
in our films. The preferential growth orientation
in the 011� direction should thus most likely be
attributed to the enhanced mismatch strain rather
than to the specific chemical configuration of the
Cu–Au surface. Concerning the strain influence on
island shape, Tersoff and Tromp [32] have reported
that elongated islands allow better elastic relax-
ation of the stress rather than those with a compact
shape. Thus a similar thermodynamic origin ofFig. 18. Comparison of the surface mean roughness R (trian-

gles), extracted from the STM measurements, and the MEED the formation of the regular island shape may be
specular intensity during deposition (solid line) as a function of suggested in our case.
Fe thickness for Fe/Cu3Au(100) films grown at 300 K. At the We would now like to discuss briefly the origin
initial stage of growth (region A), the large surface mean rough-

of the network-like fine structure found in theness R corresponds to a pronounced intensity drop in MEED.
6.2 ML film grown at 160 K (Fig. 9). At first sight,In region B, both R and the MEED intensity reveal oscillations

with a periodicity of 1 ML. The minima of R at coverages of such a network-like structure seems to be related
3 ML and 4 ML corresponds to the maximum of the MEED to an accommodation mechanism acting by the
intensity. This agreement indicates also a reproducibility of the formation of edge dislocations (or missing atoms)
film quality of these samples prepared in different chambers for

above a certain critical thickness owing to theboth STM and MEED measurements.
lattice mismatch at the heterophase boundary.
The distance between such dislocations can be
expressed as [33,34]where the irregular Fe layers become predominant,

the latter accompanied by a high surface rough-
ness.

s=
ab

|b−a|
(3)

In contrast to growth at 300 K, we did not
observe any MEED oscillations for growth at
160 K. The MEED specular intensity dropped where a and b are the in-plane lattice parameters

of the substrate and the overlayer, respectively.drastically after starting the deposition. Together
with the finding of higher number of the Fe islands Using this formula and taking a=2.65 Å for

Cu3Au(100) and b=2.53 Å for fcc(100) Fe,in the STM images (Fig. 8), we can conclude that
the growth at low temperature is far away from Eq. (3) gives s#55 Å. This value, however, is

much higher than what we observe in Fig. 9 (thethe layer-by-layer growth mode. Obviously, the
growth temperature has a pronounced influence side of the unit mesh is only 7–14 Å). Thus, such

a missing atom dislocation cannot be responsibleon the growth mode in our system, as is usually
expected. for the observed network-like surface topology.

More likely, some vertical buckling of adatoms
(~0.2 Å height) with a lateral period of 3–5 atoms5.2. Morphology of Fe/Cu

3
Au(100)

(i.e. 7–14 Å) along the close-packed orientation
011� may be the origin. A very similar square-Besides the growth mode, another striking find-

ing shown in Figs. 3 and 4 is the formation of the grid network has been identified on thin film gold
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bicrystal samples as a series of twist and/or tilt energy in the Cu film arising from the lattice
mismatch (7.8%) for fcc Cu on Pd(100).boundaries due to screw dislocations [35], where,

In our case, the fcc-like Fe film onin certain cases, the unit side of the network has
Cu3Au(100) has a lattice mismatch of 4.2%. Onfound to be the order of 10 Å, being close to our
the one hand, the large lattice mismatch, whichobservation.
induces the strain energy, and the (100) plane of
the final bcc-like phase are comparable with those5.3. Fcc–bcc structural transformation of
of the Cu/Pd(100) system. This strongly suggestsFe/Cu

3
Au(100) and comparison with Fe/Cu(100)

that the Bain path via a c-axis contraction and a
biaxial expansion is a possible transformation pathAt room temperature, bulk bcc Fe has a lower
in our case. On the other hand, a marked differ-free energy than bulk fcc Fe with a difference of
ence between the Fe/Cu3Au(100) system andthe order of 0.018 eV atom−1 [36 ]. This energy
Cu/Pd(100) is the large lattice mismatch betweendifference usually determines the stable crystalline
the bcc or bct (100) Fe and the Cu3Au(100)phase of a solid. According to this basic thermo-
substrate (~7.3%). This could explain why thedynamic consideration of the free energy, a sponta-
fcc-like underlayers in Fe/Cu3Au(100) or parts ofneous fcc-to-bcc structural transformation of the
them retain their fcc-like structure at least up to aFe films should occur at a certain critical thickness.
certain coverage, even after the bcc-like Fe hasSuch a transformation has indeed been observed
started to grow on the topmost layer of films. Itin Fe films on Cu(100) [28,29,37], and in our case
is thus also reasonable to assume that numerousof Fe/Cu3Au(100) as shown above.
dislocations (as shown in Fig. 4b and d), whichThe structural transformation, however, is a
accommodate the strain, occur at the interfacerather complex crystallographic phenomenon. The
between the fcc-like and the bcc-like phase. Thiscrystal plane orientation in the final phase and the
makes it possible that the fcc-like underlayers orpossible transformation path have been shown to
parts of them keep their structure at least up to abe strongly dependent on the influence of the
certain coverage without totally transforming intoapplied mechanical stress and the microchemistry
the bcc phase. This finding is different from that[38]. Already in 1924 Bain [39] suggested that an
in Fe/Cu(100) films grown at room temperature,fcc solid may transform spontaneously into a bcc
where the fcc–bcc structural transformation takesor a bct (body-centered tetragonal ) phase through
place in a martensitic (i.e. nondiffusive, collectiverelaxation of the interlayer spacing along the c-
and sudden) process involving complicated atomic

axis and biaxial expansion of the lattice constant rearrangements [28,29,42]. Such a martensitic
along the 011� direction in the fcc (100) plane. transformation proceeds also into the deeper layers
Taking the c-axis as the direction normal to the of the film down to the substrate [28,29,43]. This
film surface, such a ‘‘Bain path’’ transforms the explains why Fe/Cu(100) films grown at 300 K
fcc (100) into a bcc (or bct) (100) plane. The which are only about one monolayer thicker than
Bain deformation involves the minimal principal the critical thickness already reveal a predominant
strain in the fcc–bcc (bct) transformation and is bcc(110) orientation in the LEED pattern and in
unique in that it maintains the highest crystal the LEED I(E ) curves4 [4,37] or in the STM
symmetry [40]. It is thus plausible to assume that images [29].
in a heteropseudomorphic growth on an fcc(100) The surface orientation of bcc-like Fe on
substrate, the fcc phase might be forced to trans- Cu(100) is (110), being different from the (100)
form into the bcc or bct phase owing to an orientation on Cu3Au(100). This can be more
enhanced misfit strain. This was observed even in clearly understood by a comparison of the mis-
a metal film for which the fcc phase is the stable match-induced strain energies between bcc(100)-
phase in the bulk: As recently reported, an fcc-to- or bcc(110)-oriented films and the Cu3Au(100) or
bct phase transition with increasing thickness in Cu(100) substrates, respectively. Bcc Fe in the
Cu films on Pd(100) takes place [41], which is

4 See footnote 1.driven along the Bain path by the total strain
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bulk has a nearest-neighbor spacing of 2.48 Å on phase, permitting us to study the effect of structure
a (110) and 2.87 Å on a (100) plane. The substrates and morphology on the magnetic anisotropy. In
Cu(100) and Cu3Au(100) have a nearest-neighbor our magnetic measurements [7,8] using the mag-
spacing of 2.55 and 2.65 Å along the surface, neto-optical Kerr effect the magnetization of
respectively. It is easy to see that bcc-like Fe films Fe/Cu3Au(100) at 160 K reveal the easy axis per-
on Cu(100) with a (110) orientation have a smaller pendicular to the film surface at coverages up to
lattice mismatch than those with a bcc(100) orien- 3.5 ML and 5.5 ML for growth at 300 K and
tation. Therefore, bcc Fe films on Cu(100) should 160 K, respectively. On increasing the film thick-
prefer a final orientation of (110), according to ness, the magnetization continuously switches into
this simple consideration on the lattice mismatch the in-plane direction within a narrow thickness
between the final state and the substrate. range of ~0.5 ML. The critical thickness of the
Furthermore, fcc(100) Fe films on Cu(100) have spin reorientation transition is thus determined to
a mismatch of only 1%, which is much smaller be 3.5 and 5.5 ML for growth at 300 and 160 K,
than the 4.2% of fcc(100) Fe films on respectively.
Cu3Au(100). This may lead to the absence of a Based on this magnetic information, we found
large mismatch-induced strain energy in fcc that the spin reorientation transition is correlated
Fe/Cu(100), which is the necessary driving force with the fcc–bcc structural transformation, which
for a Bain path5. Hence, this may be one of the

was also shown to appear at a coverage close toreasons that, instead of a Bain transformation, the
the critical thickness for both growth temperatures.fcc–bcc structural transformation of Fe/Cu(100)
The growth of bcc-like Fe seems to have a decisivetakes place through some kind of shear
influence on the magnetic anisotropy in thisdisplacement.
system. An enhanced magnetocrystalline surfaceIn contrast to Fe/Cu(100), the value of the
anisotropy was considered to be responsible fornearest-neighbor spacing of Cu3Au(100) lies
the existence of a perpendicular magnetization inalmost midway between those of the Fe bcc(100)
many systems, such as Fe/Ag(100) [44] andand the bcc(110) phase. Hence, the lattice mis-
Fe/Cu(100) [45,46 ] as well as the present systemmatch of bcc(100) Fe on Cu3Au(100) is compara-
[7]. Since the enhancement of the magnetocrystal-ble with that of bcc(110) Fe. Based only on this
line surface anisotropy is mainly attributed to theaspect, a preferred final orientation of bcc-like Fe
broken symmetry at surfaces and interfaces, asmay not be defined. Thus, the large mismatch-
originally suggested by Néel [47], it must be veryinduced strain energy between the fcc(100) Fe
sensitive to the quality of the film surface. Asand Cu3Au(100) may be the decisive factor to

determine the transformation path and the final shown in our structural data above, the structural
orientation of the bcc-like Fe film. This argument transformation is accompanied by a large number
suggests that in the Fe/Cu3Au(100) system a struc- of dislocations and structural defects at the film
tural transformation from fcc(100) into bcc(100) surface, leading to a poor crystalline structure.
is driven by this lattice mismatch-induced strain This may drastically reduce the magnetocrystalline
through a simple Bain path (i.e. without further surface anisotropy or the perpendicular anisot-
complicated rigid lattice rotation). ropy, resulting in the spin reorientation transition

in the present case.
5.4. Effect of structural transformation and Besides the magnetocrystalline surface anisot-
roughness on magnetic properties ropy, in a measurement of the effective anisotropy

field a perpendicular volume anisotropy due to the
As mentioned in Section 1, Fe/Cu3Au(100) pro- vertical lattice distortion has recently been reported

vides a magnetic film system with stable magnetic to make the main contribution to the perpendicular
magnetization for the Fe/Cu(100 system [48]. A

5 The Bain transformation can reach not only a bcc(100)
structural transformation from fct to bcc phaseplane but also a bcc(110). A combination of the Bain path and
reduces the value of this volume anisotropy closea rigid lattice rotation can also reach a bcc(110) plane from an

fcc(100) plane. to unstrained bulk bcc Fe.
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In the absence of a direct measurement of the the island growth at 160 K towards to a preferen-
magnetic anisotropy, we do not know the role of tial orientation, however, is much weaker, as com-
the volume anisotropy suggested in Ref. [48] in pared with growth at 300 K. At coverages around
Fe/Cu3Au(100). Nevertheless, according to the 6 ML, films grown at 160 K have a nearly closed
above discussion, both the magnetic surface anisot- layer, however, with a fine network structure. This
ropy and the distortion-induced (magneto-elastic) network structure is expected to be due to a vertical
volume anisotropy, and thus the perpendicular buckling of atoms rather than to some missing
magnetic anisotropy of the system, are expected atom dislocation caused by the lattice mismatch.
to be drastically reduced through the fcc–bcc struc- The onset of the fcc–bcc structural transforma-
tural transformation. The spin reorientation tion in Fe/Cu3Au(100) is, according to both
transition in Fe/Cu3Au(100) is then induced LEED I(E ) and STM measurements, found to be
by this reduction of the perpendicular magnetic 3.5 and 5.5 ML for growth at 300 and 160 K,
anisotropy. respectively. The bcc-like Fe grows on the top of

Finally, we would like to make a brief remark the film surface and covers the fcc-like Fe underlay-
on the effect of the surface roughness on the ers, which seem to retain their fcc-like structure
magnetic anisotropy. Taking the roughness up to higher coverages. The final orientation of
extracted from our STM data and using the theory the bcc-like Fe is (100), rather than (110) found
developed by Bruno [49,50] based on the in the Fe/Cu(100) system. This final bcc(100)
Néel model, an estimation of the roughness- phase is most likely reached through the Bain path.
related change in magnetic anisotropy for Our findings demonstrate the strong influence
Fe/Cu3Au(100) shows that this effect is not strong of a substrate with an enhanced lattice mismatch
enough to induce the spin reorientation transition on the growth mode as well as on the surface
and is thus only of little importance. A detailed topography such as the shape of islands, as com-
study of magnetism and its correlation to structural pared with the Fe/Cu(100) system. The path of
transformation and morphology is reported else-

the structural transformation and the orientation
where [8].

of transformed bcc-like Fe should also take the
effect of the mismatch-induced strain into account.
The growth temperature is shown to be another6. Summary
important factor which affects the surface mor-
phology of the film. The presence of island growthWe have studied the growth mode, surface mor-
is usually expected for growth at low temperaturesphology, and crystalline structure of Fe films on
owing to the reduced mobility of adatoms.Cu3Au(100) for different growth temperatures
Nevertheless, the striking finding of a nearly closedusing STM and LEED. Fe/Cu3Au(100) films
layer with a fine network structure in the filmgrown at 300 K start with a multilayer growth up
grown at 160 K indicates that a more complicatedto ~2.5 ML, and proceed with ‘‘quasi-layer-by-
mechanism in the film growth must be involved inlayer’’ growth up to ~5 ML. The absence of the
this system. A deeper understanding of this findinglayer-by-layer growth mode which was found in
needs further experimental and theoretical study.Fe/Cu(100) grown at 300 K [22,46 ] is attributed

Our structural and morphological investigationsto the enhanced strain due to the large lattice
in the present paper provide a basis set of data formismatch (4.2%) between fcc Fe and the
studying the possible influence of structure andCu3Au(100) substrate. Fe/Cu3Au(100) films
morphology on the magnetic properties. Thegrown at 160 K reveal only multilayer growth,
fcc–bcc structural transformation is shown to bebeing similar to Fe/Cu(100) films grown at low
interrelated to the spin reorientation transitiontemperatures.
from a perpendicular into an in-plane direction.For growth at 300 K, Fe islands grow, up to a
The effect of the surface roughness on the spincoverage of ~3.5 ML, in a regular shape with a

preferred 110� edge orientation. The tendency of reorientation transition is, within the theoretical
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[47] L. Néel, J. Phys. Radium 15 (1954) 376.51 (1983) 43.
[48] D.E. Fowler, J.V. Barth, Phys. Rev. B 53 (1996) 5563.[15] H. Niehus, C. Achete, Surf. Sci. 289 (1993) 19.
[49] P. Bruno, J. Phys. F 18 (1988) 1291.[16 ] H.M. Polatoglou, unpublished.

[17] K.R. Mecke, S. Dietrich, Phys. Rev. B 52 (1995) 2107. [50] P. Bruno, J. Appl. Phys. 64 (1988) 3153.


