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Thickness-dependent fcc to bcc structural change in iron films:
Use of a 2-ML Ni/W(110 substrate
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The fcc to bec structural change in the growth of ultrathin iron films is studied for films grown(bhla
fce surface, in an attempt to mimic the geometry of the martensitic transition in bulk iron, where the interface
is formed from the close-packed planes of the two structures. The use of a 2-ML(INiBNsubstrate allows
good wetting and lattice matching of the iron, without introducing either significant interdiffusion at the
interface or a large amount of magnetic material. Low-energy electron diffraction and angle-resolved Auger
electron spectroscopy show that the iron films grow as a slightly distoitef} fcc surface for 3 ML, after
which a surface cell intermediate to fcc and bcc appears in a specific Kurjumov-8&8h®rientation.
Thicker films show a simultaneous relaxation of the surface unit cell to a bcc structure and the movement of
the layer stacking from the fcc position to the KS bcc position. The approximate layer-by-layer evolution of the
structure is in marked contast to the complicated growth transition seen for iron films groW@0Hnfcc
surfaces. This promises to be a useful system to isolate the relation of the structural transition and magnetism,
without important contributions from other growth proces$8€163-18207)03219-Q

I. INTRODUCTION termixing of the film and substrate are expected to be less
serious. For these systems, however, the magnetic properties
Iron grown as a thin, metastable film upon a face-centeredf the iron film are difficult to study since they may be
cubic substrate has proven to be a fascinating and complestaved to the larger net magnetic moment of the substrate,
system for the study of magnetism at surfaces and interfaceand because it is difficult with many experimental techniques
and for the demonstration of the links between film structureto separate the magnetic response of the iron atoms from that
morphology, and magnetism. One factor which contributeof the substrate atoms. However, even these studies do not
to the changes in the magnetic properties of these films aaddress the root of the problem: if one wishes to study the
their thickness is increased is the transition from a metarelation between the fcc growth to bcc growth transition on
stable, epitaxial, fcc-like growth structure to a bcc-like the magnetic properties of the iron film, tk@01) surface is
growth structure related to bulk bcc iron. A number of meth-a poor choice for the fcc substrate.
ods, such as the use of surfactahtgve been used to stabi-  The thickness-dependent structural change in iron films
lize the fcc structure, but for pure, clean iron films, it is has much in common with the phase transition from the fcc
difficult to escape the fact that the bcc structure has lowestructure to the bcc structure in bulk iron, which is a classic
energy and makes a fcc to bee growth transition inevitableexample of a first-order martensitic transitithin this dif-
The relation of this structural change to the magnetic propfusionless transition, an interface plafermed the habit
erties of the iron film has been studied extensively for filmsplane moves through the bulk iron and divides the regions
grown on noble metal substrates, and particufarbn  having fcc and bcc structures. These two regions are oriented
Cu(001). Here, as a function of film thickness, one finds such that a close-packéd11}.. plane is parallel to a close-
sheared face-centered tetragonal grotven,transition fcc  packed{110,. plane. The most likely alignments of the
region? and finally bcc growth, all with characteristic and ~close-packed planes are the Kurjumov-SadtsS), where a
fascinating magnetic propertiétJnfortunately, the structure (01D and (111),. direction are parallel, and the
and morphology is greatly complicated by the tendency ofNishiyama-Wasserman(NW), where a (121);,. and
the iron to mix with the copper substratend the film to  (101), direction are parallel. The habit plane itself is in-
roughen dramatically as the growth transition ocftétis  variant under the structural transformation, a condition
only through an impressive effort that the contributions ofwhich is possible because of the compensatory effects of
these various issues to the magnetic behavior have bedattice distortion and shear. The habit plane is often irratio-
identified and, to some degree, studied systematically. Aal, but in the case of pure irofup to 0.4% Q the habit
positive aspect of these works is that Fef@l) is an ideal planeis the close-packed plane. Using the bulk transition as
system to study the interaction of the many influences om model, a (11%). substrate should result in films where the
film magnetism; an alternative viewpoint is that it might be direction of increasing thickness is normal to the natural
fruitful to gain insight through the study of related systemshabit plane of the bulk transition. This could permit a more
where the magnetic behavior is dominated by a single charontinuous growth transition, roughly analogous to a bulk
acteristic of the growth. This has led to initial studies of iron martensitic transition “in progress,” with the habit plane
films grown on N{001) and C@001) substrateS,where in- “frozen” at a certain depth in the film. The essential sound-
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ness of this idea is consistent with the scanning tunneling NW[1T0], B11kes
microscopy studie€ of the growth transition of iron films 4
on CU001). A very complicated, but patterned, arrangement
of defects and shear planes appears at an angle to the surface, | NWI0O1],
and the low-energy electron diffractiofLEED) pattern o>
shows a series of reconstructions related to the shear of the SN
surface layersand the defect patterisThe final Fe bcc ,
phase greatly resembles the close-padidd) surface in an €Yo K
orientation with respect to the underlyit@01) fcc which is \ /
not observed for bulk geometriés.This process can be NS
thought of as a method by which the natural habit plane for ‘e
the transition, which is initially at an angle to the surface, can N TN
be reestablished normal to the film growth direction. /
Choosing a C(111).. substrate leads again to complica- ; NS ¢
tions, since the epitaxially grown iron does not wet this sur- SR . KS[001]cc
face well, but immediately forms islarf€ which undergo
the transition to the bcc structure before the islands them- ===~ BCC Unit Cell
selves have properly coalesced. Bauer and van der M&rwe — FCC Unit Cell
have predicted better wetting, lattice matching, and Fe
growth on (11111930 Ni an.d Cco substratg S, but these are as yegubstrate and films are illustrated, with the surface normal project-
little studied: Even Wl.th these ChOICgS, there rgmam theing out of the page. A (111 surface cell is shown by the solid
pr_obl_ems associated with the'magnetlc charqcterlzatlon of Qutline, and dashed lines show the NW and KS orientations of the
thin film grown on a magnetic substrate. It is therefore a110) with respect to it. The internal angles are defined for
happy coincidence that Ni is known to grow in a highly each cell type. The open circles mark the atomic position of the
ordered(111) fcc structure on a W10 substrate, even for pext layer for a fcc structureA), a NW bec structure), and a

very thin film thicknesses of two or three monolay&ts? ~ KS bee structure €). The W110),. single crystal substrate is
Such a thin Ni buffer layer will continue to have magnetic aligned as the NW bcc cell.

consequences, but perhaps at least the master/slave relation-
ship between substrate and film will be reversed. retardation Auger electron analyzer. Ni was evaporated by
This line of argument has led to the present study of irorelectron bombardment of a pure wire, using an evaporator
films grown on a 2-ML Ni/W110) substrate, with the aim of which had an integral flux monitor to ensure a constant depo-
discovering a simple example of the fcc to bee iron growthsition rate!” The LEED pattern showed initially pseudomor-
transition, and with characterizing the structural aspects ophic growth, then a X 1 reconstruction along Y#01],. for
that transition. It turns out that one sees a transition domithicker films, and finally a sixfold pattern that was very close
nated by intralayer atomic motions following simple geomet-to hexagonal, with no reconstruction satellite spots—all in
ric relations, in agreement with the foregoing discussionagreement with previous results. In accord with these au-
This system therefore seems well suited for further studies ohors, we interpreted the hexagonal pattern as the formation
the relation of the structural transition and the magneticof two stacking domains of the fcc Nill) surface, and the
properties of iron films. 7X 1 reconstruction as evidence for the NW relative orien-
tation of the Ni and W unit cells, as illustrated in Fig. 1. For
exact matching along the Ni11}].. and W2110],.. direc-
tions, the Ni cell must be expanded by 3.7% from its bulk
The growth of thin Ni films on the W10 surface has lattice constant. Along the YW01],. direction, the recon-
been well characterized in a number of stud®® The pur-  struction matches nine Ni cells onto seven W cells by con-
pose of the present section is to document the method dfacting the Ni cell by 1.0% from its bulk lattice constant. A
preparation of the substrate, as the properties of very thimatching of this type predicts a distorted fcc cell with inter-
films are much more sensitive to experimental uncertaintiesal angle a;.=61.14°, whereas an experimental value of
than are thick films. Figure 1 shows the geometry of the60.8°+0.4° was determined for a 2-ML film in the present
lattices involved. The solid outline defines a fcc unit cell, andexperiments.
the dashed outlines define two bcc unit cells which are ori- In order to accurately determine the thickness of the Ni
ented in the NW alignmen(to the left of the fcc cejland  layer, Auger electron spectra were recorded as a function of
one of the KS alignmentgbelow the fcc cell. In this paper, deposition time at room temperature in the energy interval
the W(110 single crystal substrate is always aligned as thecontaining the Ni 61-eV and W 48-eV Auger peaks. The
NW bcce cell in Fig. 1, and all LEED patterns, experimental spectra were fit using a least-squares criterion to a linear
substrate manipulations, etc., are presented with respect tmmbination of the spectra for the clean W substrate, and a
this orientation in space and on the page. The tungsten cryfhick Ni film where the W Auger peak was not detectable.
tal was cut and polished to within 0.4° of the (13Q)sur-  The fitting constant for the Ni is plotted in Fig(& as a
face, and was cleaned before each film deposition by heatirfgnction of deposition time. These data were fit in turn to
to 1800 K in 5<10  Torr oxygen, and then flashing to one, two, three, and four linear segments, with a least-
2500 K. This yielded a sharp LEED pattern and carbon consquares algorithm free to determine the slopes and intersec-
tamination levels which were just detectable with a four-gridtion points of the lines. Thg? from each fit were compared

KS[110
v [ lbce

FIG. 1. Relative orientations of the surface unit cells of the

Il. PREPARATION OF THE 2-ML Ni/W (110 SUBSTRATE
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Ill. GROWTH OF fcc Fe ON 2-ML Ni/lW (110

Since preliminary studies showed that growing Fe directly
on 1-ML Ni/W(110 led quickly to a very diffuse LEED
pattern, a 2-ML Ni film was chosen as the thinnest practical
magnetic substrate. The Fe evaporator was calibrated by
LEED and Auger experiments of deposition directly onto the
W(110 surface at room temperature. This system is known
to produce a series of distinctive LEED patterns with in-
creasing coverage, which were reproduced in the present
studies'® Data for the Fe Auger uptake curve are plotted in
Fig. 2b), following the same analysis procedure described
for the Ni deposition. Once again, according to fhtest, the
data are best represented by three linear segments. The first,
very weak change in slope has also been observed by
Gardinet® (the ratios of slopes at these changes, 0.89 and
0.45, are in quantitative agreement with those measured by
Gardiney, but is too subtle for calibration purposes. The
characteristic feature of this curve in previous studies at
room temperature is the stronger second slope change, which
has been shown to represent the completion of the Fe
bilaye® on W(110). This feature is therefore interpreted as
27pee, and it is then found that the first slope change occurs
at 0.95,... Using this calibration, the ratio of the areal atom
densities on the {10 and Ni111) surfaces gives a time
for the deposition of Fe equivalent to one pseudomorphic
layer on N{111) as 7..=1.3n,.c [Of course, thisr is dif-
ferent than that in Fig. (&), since a different evaporator is
rﬂjeing calibrated.A similar Auger intensity experiment was
W(110. (¢) Fe (47 V) deposited on 2-ML NiWL10). The lines then performed for Fe deposition at room temperature on

and labeled timeg are unconstrained, linear least-squares fits to_?_'hML NI/W(]']'(I))' .thel redSU|tS t:}elng lpresented In quc)?h h
linear segments and are discussed in the text. € same analysis leads to three linear segments, with the

unconstrained positions of the slope changes fit to 4.02
using thef test, which takes into account the reduction inand 1.92 in terms of theindependentalibration of 7y in
degrees of freedom as the number of linear segments is irkig. 2(b). This is internally consistent evidence that the Fe
creased. The statistical analysis suggests that the Ni Augevets the Ni film well, grows pseudomorphically on the
uptake curve is best represented by three linear segmentsrained fcc template, and that in the initial stages at least the
where there is a first weak slope change at the depositiogrowth mode is approximately layer by layer. The thickness
time 0.44r;. and a stronger slope changemat. The label- of the Fe films in ML in this paper will therefore refer to the
ing of these times reflects our interpretation of the strongecalibrated amount of material deposited7ig; .
slope change as the completion of the reconstructed mono- A final Auger electron spectroscopy experiment was per-
layer, and the weaker slope change as associated with tliermed to gain insight into the amount of intermixing of the
end of pseudomorphic growtliThe LEED reconstruction Fe into the Ni film. 0.8-ML of Fe was deposited onto 2-ML
was first visible at about 0...) These results are in de- Ni/W(110), and Auger spectra were record@ibse to room
tailed agreement with those of Kolaczkiewicz and Bader, temperaturg as a function of annealing temperature. The
with even the ratios of the slopes at the slope chai@g® low-energy region of the spectrum was fit to a linear combi-
and 0.53 being in quantitative agreement. These data connation of the Auger spectra of 2-ML Ni/(¥10) and a very
firm the very good wetting of WL10 by Ni, and serve to thick Fe film. The higher-energy region was fit to a single,
calibrate the Ni film thickness to withir: 0.1 ML. clean W Auger spectrum. The resulting fitting constants are

The very low solubility of most metals in W permits films plotted in Fig. 3, where the lines are guides to the eye. The
to be annealed without causing intermixing at the interfaceW Auger intensity stays rather constant until an annealing
Experimentation showed that the LEED pattern of the Nitemperature of 550 K, where it begins to increase. This is
film was improved when the films were grown at an elevatednterpreted as the onset of significant islanding of the film,
temperature, and that this did not affect the Auger electroprobably as islands on top of a single monolayer which is
intensities. All the Ni/W110) substrates in this study were tightly bonded to the W surface. The Fe and Ni signals,
thus prepared by growing the first monolayer at a substratbowever, change rather linearly starting immediately at the
temperature of 550 K and subsequent layers at 390 K. Thlwest annealing temperature. This is interpreted as inter-
LEED pattern for a 2-ML Ni film then had a sharp hexagonalmixing of the Fe and Ni, and the lack of plateau at low
pattern of spots, and more diffuse reconstruction spots whichnnealing temperatures suggests that some intermixing has
were significantly weaker than those observed for the monoalready occurred in the film as deposited. It is difficult to
layer. quantify the amount of intermixing from this experiment, but

Auger Electron Intensity (arb. units)

1.02Tpet 1.92T e

0 2 4 6 8 10 12 14 16
Deposition Time (min.)

FIG. 2. Intensity of characteristic lines in the Auger electron
spectroscopy spectra as a function of the time of metal evaporatio
(a) Ni (61 eV) deposited on 110). (b) Fe (47 eV) deposited on
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FIG. 3. Intensity of characteristic lines in the Auger electron g 8 4F E
spectroscopy spectra for a 0.8-ML Fe/2-ML Ni(¥L0) film, which o 2k 3
was grown at room temperature, and annealed to successively z 0 e e
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it is clearly a gradual process: annealing to 360 K, for in-

stance, makes only a small change in the Auger intensities. g 5 Angle-resolved Auger electron spectroscéARAES)

Because of this, and because the Ni film is grown at slightlyraces for Fe films on 2-ML NiML.10). The experimental geometry
elevated temperature, the effect of growing the Fe film ats jjustrated in the inset(@ Experimental resuits for 1-, 2-, and

slightly elevated temperatuk@60 K) was investigated. This 3.ML Fe films. The expected angles for forward-focusing by a fcc
led to an improvement in the sharpness of the LEED patternsurface cell in the NW orientatiotarrows, and by a bcc surface
and this growth temperature was therefore adopted for allell aligned with the W substraté&lotted ling are marked. The
subsequent films. curves are normalized to the same incoming primary beam (x.
The structure of the Fe films was investigated usingThe calculated traces for a 1- and 2-ML Fe film with a fcc surface
LEED patterns and angle-resolved Auger electron spectrosell in the NW orientation. Both incoming and outgoing focusing
copy (ARAES). Initially, deposition of Fe on 2-ML Ni/ conditions are included, as discussed in the text.
W(110 led to no important changes in the LEED pattern

observed for the 2-ML Ni film. The sharpness of the SpOtSSChematicaIIy in the inset to Fig.(&. High-energy Auger

v'\\//laLs ?thirst dehgradid, but thel"nngFgovet? againt,hso that at dioctrons are, to a good approximation, emitted isotropically
t ot' € as at:f) . e>éag_(r)rr]1.a is il tpat %m WII:' nz r?con-by an excited atom, but the angular distribution of the Auger
struction was obtained. This Is wustrated i Hg. 4, 10 & 1o 01ong can be perturbed if the emitting atom is in a crys-

Ergq;rngger;gga;jrsg fre(:/rﬁ Aﬁoigti?ﬂsagfglﬁ?:;?é?n an’g;llline environment. The trajectories of the electrons passing
e P grap P ' lose to a positive ion core can be deflected towards the ion

the lack of threefold symmetry again indicates that there ar§ i .
domains of two stacking sequences present. core, causing a focusing of the Auger electrons along the

The angle-resolved Auger experimédtare illustrated crystallographic directions where the ion cores are situated.
This forward-focusing effect is strongest in very thin films

where multiple forward-scattering interactions are not geo-
metrically possiblé? and is observed primarily along the
directions where nearest neighbors lie. In the present experi-
ments, the films were rotated about the NOW1],.. direction
of the W crystal illustrated in Fig. {this is equivalent to the
[011]¢ direction of the 2-ML Nj. Assuming the fcc stack-
ing position marked A” in Fig. 1, the geometry illustrated
in the inset to Fig. &) is obtained, and forward focusing at
0,,=35° is expected. Assuming the alternate fcc stacking
position in the upper half of the fcc unit cell in Fig. 1 pre-
dicts a peak in the ARAES db,,~=55°. Assuming a bcc
structure in the orientation of the NW orientation of the W
substrate predicts a peak @t ,=45°.
The ARAES experiments were performed with a fixed
FIG. 4. Photograph of the LEED pattern of 3-ML Fe/2-ML Ni/ angle between the incoming primary, 2000-eV electron beam
W(110), for a primary beam energy of 96 eV. The orientation of the@and the entrance aperture of the electron energy analyzer,
tungsten substrate and Ni film in direct space is as the NW unit cellsuch that®;,+0,,=90°. The angular resolution of the
in Fig. 1. electron optics wast2°. In order to compensate for the
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possible drift of the electron gun current, the electron count

was recorded in a rapid series of interleaved time steps atthe ~ lne{ @ ou) = 2 lin(®in ;M1 ot oy, N)
peak energy of the FE702 e\) Auger electrons, and two
positions suitable for extrapolating a linear background. The Xexd —d(n)/(\ sin®;,)1/sin®;,, (1)

ARAES data were then evaluated as the ratio of the Auger

peak counts minus the background, all normalized 10 theynered(n) is the perpendicular depth of the lattice site from
background. While this method removed spurious temporalhe syrface, and is the inelastic attenuation depth. Single-
drifts, it introduced an arb|_trary scale of normalization. Th'?scattering calculations were carried out using the program
was removed by constructing the average, angle-resolved issc developed by Friedmann and Fadféywith scattering
elastic background as measured in many ARAES experiphase shifts calculated in the programerr, developed by
ments. Since this function was found to be smoothly varyingRehr, Albers, and Mustre de LedhThese are presented in
and had little scatter, it was fit to a polynomial, and theFig. 5b) for the cases of 1- and 2-ML Fe films, where the
resulting function was multiplied times the normalized single-scattering assumption is strictly valid. The index
ARAES spectra to give the angular dependence of the Feras summed over the two inequivalent positions in both pos-
Auger electrons alone, normalized to constant exciting beamaible fcc stacking sequences. The agreement between the
current. These data are shown in Figa)Sfor 1-, 2-, and measured and calculated spectra is very good, and confirms
3-ML Fe films grown on 2-ML Ni/W110). The spectra for the fcc structure of the Fe. It also permits a more detailed
2- and 3-ML Fe show clear peaks @t,,=35° and 55°, and understanding of three important poings:the rising “back-

no discernible peak at 45°, indicating that two stacking do-ground” as®,, becomes smaller is a true effect which re-
mains of fcc iron are preseftin agreement with the LEED Sults from increased energy deposition in the surface region
pattern, but that bcc iron is not present. Small peaks maydt glancing angles of primary electron incidend#) the

also be present at the fcc forward-focusing angles for th€aMeé mechanism enhances the intensity of peaks at small
1-ML Fe film. Since the Fe emitter must be below anotherMission angles relative to those at large emission angles—
atom to produce forward-focused electrons, the size of thestgus the peaks at 35° and 55° due to equal amounts of the

peaks is a measure of the imperfection of the Fe films due tE)WO fee stackings are not equal in heiglitf) in Fhe present o
a combination of mechanismé) the degree to which the geometry the appearance of the characteristic peaks at 35°,

2-ML Ni substrate contained regions of 1-ML thickneéis), 45°, and 55° is not affected by the forward scattering of the

. ) . : incoming beam, because in all three cases, the incoming and
the uncertainty in the Fe film thickness, afiifl) the amount 9 g

fi . fEe i he Ni fi he d i outgoing beams experience forward focusing at equivalent
of intermixing of Fe into the Ni film. The data are evidence yo,metries. At very low emission angles, however, the en-
that none of these effects is serious.

e - hanced sensitivity can lead to prominent peaks due to
For quantitative calculations of Auger electron forward gecond-order focusings between 15° and 20hich com-

focusing, the ARAES spectrum from a single emitter at apjicate a qualitative interpretation.

particular lattice siten is denoted o, ©oy,n), and may be In conclusion, the Auger uptake curves, LEED, and

calculated by assuming that an isotropic, outgoing electromRAES measurements are a self-consistent data set which

wave is scattered elastically by an array of atoms, where onlindicate that up to 3 ML Fe grows on the 2-ML NiA&10)

independent, single-scattering events are considérétie  substrate as two domains of a slightly distorted (3 Bur-

scattered amplitudes far from the array are summed and thface with different stacking sequences, which are epitaxial to

scattered intensity is computed. The present experimental géie Ni film.

ometry is complicated by the fact that the incoming electron

beam may also experience forward focusing. This can be

seen in the inset to Fig.(#&, where the beam from the elec- V- fec TO bec TRANSITION FOR Fe/2-ML NifW (110

tron gun may be focused by a first-layer atom onto a second- The first indications of the growth of bce Fe are given by
layer atom, so that the latter experiences a greater excitatiQqnegp patterns recorded for 4-ML Fe films. Figuréap
probability at®;,=55° than at other angles. The incoming shows the pattern for a primary energy of 96 eV, and Fig.
focusinglin(®j,,n) may be calculated by the same methodg(b) gives a schematic interpretation. Four of the six bright
as | ou{ @ ou,N), by using time-reversal symmetfyand a  spots associated with the distorted fcc Fe have split into trip-
transformation of variable®. The observed angular depen- lets, so that the twofold symmetry of the pattern is more
dence of Auger emission from a particular atom will then bepronounced. Variation of the primary energy shows that the
the product of these two. Finally, the contribution from all upper spots on the left are correlated with the lower spots on
atoms must be normalized to the same scale, and summeife right, and vice versa. Figuré§ shows that these new
The calculation described thus far is normalized “per Augerspots can be represented as a superposition of two domains
electron generated at site” The relative probabilities of ~Of bcc-like unit cells in an orientation which is given by the
excitation of atoms in different lattice sites is given by the KS orientation in Fig. 1. Two qualitative features are worth
relative energy dissipation at these sites. A first approximapartlcular attention. Flrst_, the ol_aserved KS orientations rep-
tion to this function is given by the phenomenological at-"€Sent only two of the six possible such orientatighshe
tenuation of the primary beaff.This varies exponentially 3-ML Fe films show a d|s.to.rt|on equivalent to'that seen for
from layer to layer, and as 1/€n, within each layer as the the 7X 1 reconstructed Ni films, where there is a 3.7% ex-
primary beam approaches glancing incidence. Taking thegeansion along[211]. and a 1.0% compression along
together, the experimental situation is described by [011]s.. Using the nearest-neighbor distance for bulk Fe,
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FIG. 6. LEED patterns at a primary beam energy of 96 eV for thicker Fe films grown on 2-ML (M@ LEED pattern(a) and
schematidb) are for a 4-ML Fe film. The schematic shows two distorted bcc surface cells in the KS orientation of Fig. 1. LEED(pattern
and schematicd) are for a 12-ML Fe film. The schematic shows, using open circles, a slightly distorted bcc surface cell in the NW
orientation of Fig. 1.

the observed KS orientation represents a 0.7% compressi¥igure also shows that the original KS cells have evolved
strain along thg 011],. matching direction, whereas match- such thatays is also equal to 55.4°, so that the entire LEED
ing along the nominal 101} or [ 110] directions would ~ pattern can be represented as the incoherent superposition of
require a 2.9% expansiofA NW orientation requires a three equivalent bcc-like cells: two KS cells rotated
10.4% expansioi.A rigid model therefore shows a clear =55.4° from a NW cell, all referenced to the underlying fcc
reduction of strain energy for the observed KS orientationsFe. It is not clear why the emergence of domains of the NW
Second, the new spots represent a distorted bcc-like celdrientation is favorable, other than to note that they occur on
since the internal anglercs defined in Fig. 1 is equal to the bcc-like surfacénot on the fcc surfage and then only
*+57.6° instead of the true bcc value ¢f54.7°. The ob-  once the internal angleys has obtained a value close to that
served distortion allows the bcc-like cell to maintain registryof a true bec cell. The particular NW orientation which ap-
with the fcc underlayers in thg110]s. direction in direct pears is the only one that preserves the twofold symmetry of
space, as can be seen by the horizontal alignment of the spdtee original, distorted fcc surface. It may be that this orien-
in Fig. 6(@. This arrangement presumably reduces the entation nucleates at the boundaries where the different KS
ergy of interlayer interaction. domains meet.

LEED patterns of thicker films show a fading of the fcc  The evolution of the bcc cells measured from photographs
spots, and an evolution of the bcc-like KS unit cells toof LEED patterns is summarized in Fig. 7, where the internal
smaller values ofs. A new qualitative feature is seen first anglesa for both orientations are presented as a function of
for 8-ML Fe films. Itis illustrated in a 12-ML Fe film in Fig. film thickness. The internal angle of the fcc cell is also
6(c), where it is fully developed. The fcc spots are now ab-shown for those thicknesses where it is observed. This plot is
sent, but six new spots are presénwo are hidden in the very suggestive of a fcc to bcc transition in three distinct
photograph by the shadows cast by a Helmholtz coil arrangesteps. The first is the sudden appearance of a structure inter-
ment near the sample holdeThe new spots are indicated as mediate to fcc and bcc in the KS orientation, followed by a
open circles in the schematic representation in Figl).6 gradual relaxation of the surface unit cell to that of a bcc
They can be represented as a bcc-like cell in the NW constructure. Finally, identical bcc cells nucleate in the NW ori-
figuration in Fig. 1, with internal anglexw="55.4°. The entation. The evidence for the gradual relaxation of the KS
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FIG. 7. Internal anglesy (defined in Fig. 1 of the different
surface unit cells, measured from photographs of LEED patterns, as
a function of the Fe film thickness. The dashed lines show the
expected angles for the fcc and bcc structures.
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cells is particularly intriguing. LEED at a primary energy 0 10 20 30 40 50 60 70 80
near 100 eV should measure a weighted average of the struc- 0, (degrees)
ture of the first few atomic layers, giving the smearing of the
spots in Fig. 6 perpendicular to the radial direction—that is, FIG. 8. Angle-resolved Auger electron spectroscopy traces for
along the direction the spots move with changing film thick-thicker Fe films.(a) Experimental results, where successive curves
ness. The fact that the spots do not degrade into a continuotigve been displaced an amount indicated by the extended lines on
arc, but rather remain relatively well defined and show meathey axis. (b) Calculated curves for diffgrent stacking positions of
surable dispersion, suggests that the bce iron is not growilzgn Fe_layer formed from the_ KS bcc-like surfacg unit cel!s of a
as rough islands which expose many layers with a range -ML film, on top of g fcc unllt cell for the S-ML fllm..The filled
ags, but rather continues to follow approximately layer symbols are for stacking positions alon_g_ th_e IA.]@ inFig. 1. Th.e
growth, with each layer having a unit cell which is incremen-OPen Symbols are fo_r the stacking positiBrin Fig. 1. Successive
tally relaxed from the previous layer. This is further sup- Ic.urves h;l]ve begn displaced an amount indicated by the extended
ported by the rapid disappearance of the fcc LEED spots. Ines on ey axis.

As the surface unit cell distorts continuously towards a
bcc structure, the potential minimum inside the cell is ex-true fcc Fe structure, and a top layer in the intermediate KS
pected to shift from the fcc stacking position, labeled bystructure given by the LEED pattern in Figiah The inter-
“A” in Fig. 1, to one of the bcc stacking positions labeled layer distance is assumed to be constant at the distance com-
“B” and “C” in Fig. 1. Since the layer spacing between mon to the close-packed planes in both fcc and bcc bulk
bulk close-packed fcc and bcc planes is the santeen mea-  structures. Calculations made according to Hg, for dif-
sured in units of the nearest-neighbor distanne change in  ferent layer stacking sites along the lind8 and AC, are
the interlayer spacing is expected. In order to investigate thpresented in Fig. ). The solid symbols represent the cal-
stacking of the surface unit cells, a series of angle-resolvedulations for a progression of the stacking site ala%@,
Auger experiments were conducted for films showing thefrom the fcc site to the KS bcc site. The open symbols rep-
transition to bcc Fe. These are presented in Fi@.8he resent the calculation at the end-point stacking Biter the
extended lines on thg axis show the amount by which NW bcc structure. Because of the neglect of contributions
successive curves have been displaced to avoid overlappinfjom atoms deeper than the second Fe layer, the calculated
In overview, the data first show a dispersion of the peakpeak heights are not as reliable as the peak positions. There
from the fcc angles of 35° and 55° to smaller and largeris an impressive agreement with the evolution of the calcu-
angles, respectively, as the films get thicker. The latter pealated and experimental spectra. The calculated peak positions
becomes significantly weaker, appearing as a shoulder. Theare summarized in Fig. 9. The ARAES experiments up to
for 12-ML Fe films, there is a complete change in character8-ML-thick Fe films are well represented by the calculations
with a very strong peak occurring at 45°. for movement of the stacking position from the fcc to the KS

These curves may be interpreted by comparison to thécc site. The approximate nature of the calculation and the
calculated ARAES spectra for different stacking positions ofwidth of the experimental peaks make a more precise corre-
the layers along the lineAC or AB in Fig. 1. Since the lation of stacking position against film thickness unreliable.
single-scattering theory is strictly valid for films only 1 or 2 For the 12-ML Fe films, the experiments are in good agree-
ML thick, and since the most prominent structure is expectednent with the calculation for stacking at the NW bcc site.
to arise from simple, forward focusing by nearest-neighbor These results give strong support to a description of fcc to
atoms, the following approximate method has been adoptedbcc transition in these films as a layer-by-layer evolution of
A two-layer system is formed from a bottom layer with a the surface cells in both shape and stacking position. The
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LA AL AR SRR AR R gest that the film growth in the transition region is not rough,
NW but rather exposes only a few layer thicknesses at any time.
This type of incremental structural transition is unusual in
that the bcc structure does not seem to be introduced as de-
fects which reduce the in-plane strain of the film, while leav-
ing the structure of the fcc and bcc portions fixed. Scanning
/ \ tunneling microscopy(STM) and reflection high-energy
electron diffraction studies of the growth of these films
would provide a most welcome test of these conclusions.
The STM experiments may have difficulty in detecting the
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o growth transition itself, since the layer spacing of the fcc and
009 . bcc structure is expected to be very nearly the same.
T T N TR T ST T It is interesting to speculate on the rough analogy between
20 25 30 35 40 45 50 55 60 the growth transition in these films and the martensitic phase
Peak angle, @yt (degrees) transition in bulk Fe. In the first place, the present finding of

a simple transition with a planar geometry supports the use
FIG. 9. Positions of the forward-focusing peaks in the calculated®f @ film geometry where the surface lies parallel to the habit
ARAES traced(as in Fig. 8 as a function of the stacking position Plane in the bulk transition. These experiments show at first
along the lineAC in Fig. 1 (ending in the KS bec stacking position @ discontinuous change in the surface unit ¢adl would be
and along the lineAB in Fig. 1 (ending in the NW bcc stacking €xpected in an analogous first-order phase trangjtifart-
position. lowed by an incremental relaxation of the unit cell, as might
be foreseen for a “frozen” martensitic transition front. The
ARAES and LEED studies are internally consistent, with themost analogous metallurgical situation would seem to be the
stacking position moving toward the KS bcc site as the surinterfaces of finite, metastable martensitic particles in bulk
face unit cell relaxes to two domains of the true bcc structurgnaterials. Recent electron microscopy studies of Cu precipi-
in the KS orientation. Only when this process is nearly com1ates in a bcc Fe matrix show a series of epitaxial relation-
plete does the LEED show the appearance of the NW bcghips, depending on particle si¥eInterfaces analogous to
domains, in agreement with the strong peak at 45° in thelanar films are found for particles 17 um, where an un-
ARAES at these thicknesses. The experimental ARAESwinned, distorted fcc structure close to the KS orientation is
spectrum for the thickest filMil2 ML) is in fact well repre-  found. Growth of the particle finally leads to a fcc structure
sented by a summation of the calculated curves for the K$1 the KS orientation for particle sizes greater than4Q.
and NW stacking sites, since the calculation for the KS sité/Vhile these studies of precipitates are of a bcc to fcc mar-
shows little structure. The details of the emergence of théensitic transitionthe reverse of the present film studieis
NW bcc domains remains unexplained, as it is not clear howpoth cases there is a gradual, epitaxial accommodation as the
this unit cell can be accommodated to the existing KS bcdelative importance of the interface is decreased because the
growth without a significant distortion which is not observed particle/film grows larger/thicker.
in the LEED pattern. To our knowledge, the fcc to bee struc-  Finally, it appears that the use of the 2-ML Ni(fM.0)
tural changes in ultrathin Fe films grown on (1gdpurfaces substrate provides a tractable experimental system for the
studied so far show either a KS or NW orientation, but notstudy of the magnetic behavior of Fe films as they undergo
both282° Some studies of thick Fe film@f order 100 ML) the fcc to bee growth transition. Despite the extreme thinness
grown on a Ni111) single crystal show a combination of KS of the Ni buffer layer, epitaxial fcc Fe films with little inter-
and NW domaing? but this seems to correspond to a loss ofmixing are produced up to a thickness of 3 ML. The slightly
epitaxy to the substrate, since all possible configurations areistorted fcc unit cell further simplifies the growth transition
present. by causing a preferred orientation among the many possible
KS alignments. There is hope that the Ni will not dictate the
V. DISCUSSION magnetic properties of the Fe film, except perhaps in the
interesting region of<1 ML Fe. These and other magnetic
Insofar as the experimental methods used in these studiesudies are currently underway.
can detect, Fe films grown on 2-ML Ni/f¥10) show a
simple fcc to bcc growth transition, with evolution of the
structure in the direction of film growth. This is accom-
plished by the nucleation of surface unit cells in the KS We are pleased to acknowledge the technical assistance of
orientation which are midway between fcc and bcc, followedM. Kiela. We thank G. Purdy for a critical reading of the
by the incremental evolution of the shape and stacking posimanuscript. This work has been supported by the Natural
tion of the cells to that of true bcc. The present studies giveSciences and Engineering Research Council of Canada.
no direct indication of the film morphology, but the continu- H.L.J. and C.S.A. gratefully acknowledge support from the
ous evolution of the LEED and ARAES measurements suggovernment of Ontario.
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