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Limits of metastable epitaxy: The structure of ultrathin Fe films on Cu;Au(100
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The influence of epitaxial strain on the structure of thin films was investigated using a model system: Fe on
CuAu(100). Low-energy electron diffractiolEED) | (V) measurements and full dynamidgV) calcula-
tions were used to determine the atomic structures of Fe films at different thickri8s3e4.8, 18, and 53
monolayergML). LEED measurements show that for thicknesses above approximately 1.5 ML iron films are
no longer pseudomorphic. Between 3.3 and 4.8 ML, the Fe films were determined to have a strained bcc
structure, rather than the previously proposed fcc structure. The existence of the strained bcc phase at low
coverage is consistent with estimates of the total energy, which suggests that the energy gained by stabilizing
the bulk ground state of Fe overcompensates the higher strain energy of the bcc phase. At higher film
thicknesses, 18—53 ML, dynamical LEBDV) analysis confirm that the film structure has evolved into the
expected unstrained bcc structure of F£0163-182@08)01932-9

[. INTRODUCTION and temperature. Iron is a prime example since it shows a
rich variety of structural and magnetic phases and thus offers
The discovery of a giant magnetoresistait€MR)™? in  ideal testing grounds to confirm the ability of influencing
ultrathin ferromagnetic films coupled through a nonmagnetidilm structure by using different substrafes? Indeed, it was
spacer layer has spurred interest in magnetic thin films angdossible to create different structural and magnetic states of
interfaces. To fully exploit this effect, it would be useful if Fe depending on the lattice parameter of the substrate. For
for a given substrate/film combination, the structural andCu(100) and related systems like Ni/CL00) (Refs. 13 and
magnetic properties of the film could be predicted with high14) and Co/C¢100) (Refs. 15 and 16an fcc high spin state
reliability. To understand the challenges of such an enwith an atomic volume oV,=12.1A% was stabilized for
deavor, one needs to consider the various contributions th&te-film thicknesses up to 5 M¥.For coverage between 5
influence film structure. Calculating the ground-state strucand 11 ML all iron layers except the top layer are unrecon-
ture of certain magnetic elements such as iron or manganestftucted and have a smaller atomic volume of
is already a considerable task for bulk sample§ atOK,  V,=11.4A%35710 These layers presumably show antiferro-
since the energy differences between different structural anthagnetic couplind:*® The top layer is reconstructed in
magnetic phases are often below 0.1 eV/atom. For thin filmp2mg(2x 1) symmetry and shows a high spin FM state with
a number of additional contributions need to be consideredn enlarged volume of2.1 A3.5919 Above 11 ML, iron
that can stabilize a phase that would be unfavorable in thgrows in a bcc modification where thig10 surface plane is
corresponding bulk sample. The energetic contribution of theparallel to the(100) substrate surfack:*¥On the other hand,
film surface and the film/substrate interface is often of theFe films on Ag100 (Refs. 19 and 20or Au(100) (Ref. 2]
order of 0.2 eV/atom. Unfortunately these quantities are difhave a nearly perfect bcc structure even for the initial growth
ficult to determine experimentally. Furthermore, the misfitstage. This phenomenon is understandable considering the
between the deposited film and the substrate plays a majaonisfit for the different structures. The lattice parameter for
role and can easily add energies of 0.1 eV/atom. This quarFM fcc Fe can be extrapolated to 3.65 A from high-spin,
tity can at least be estimated with some precision using théerromagnetic fcc Fe alloys. This corresponds to 2.58 A for
known elastic properties of bulk sampfeBurthermore thin  the edge of the primitive square. bcc Fe has a lattice constant
film stresses can also be determined experimentally witlof 2.87 A. The lattice parameter of Ci00) is 3.61 A, while
considerable precisichHence the influence of film stress on Ag and Au have lattice spacings of 4.07 and 4.08#8ge of
the resulting energy of the ground state can be studied. Joriae primitive square 2.88 A bothrespectively. The misfit is
and Marcus were the first to discuss the concepts required fbefined ad =(a—ag)/ay, with ag anda being the in-plane
predict the influence of film strain on the stability of meta- nearest-neighbor distance of the film and the substrate, re-
stable states. spectively. The misfit between CLO0) and the fcc modifi-
The most interesting candidates to explore the effects ofation of Fe is just 1.1%, which is far less than the misfit for
film stress on film structure are those materials that alreadthe bcc Fe modification. This can compensate for the fact
show a rich variety of bulk phases depending upon pressurhat the energy of the fcc state is higher. Only for larger film
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thicknesses, a structural transition to bcc iron is observedcu,Au(100). Our findings will be compared with predic-
For Ag and Au substrates, on the contrary, the misfit for theiions based on recent calculations for the energy of different
bcc iron modification is with 0.2 and 0.5% rather small, en-iron states employing concepts which were put forward by
abling the growth of this phase. Hence, we expect a phasgona and Marcu$® The paper is organized as follows. In the
transition from fcc to bcc iron for substrate lattice spacingssecond section we give a brief description of the experimen-
between 3.61 and 4.07 A. The precise determination of théal setup and theoretical procedures. Our results are pre-
substrate lattice spacing where a phase transition from fcc teented in the third section. In the fourth section a discussion
bce iron is observed would allow a better estimate of theand comparison with previous results can be found. The pa-
contribution of stresses to the total energy. Rh has a latticBer ends with a conclusion and summary.
constant of 3.80 A, which is almost half-way between the
lattice constants of Cu and Ag. Conflicting results have been
obtained for the structure of Fe films on @B0. While a
full-dynamical low-energy electron diffractioitEED) | (V) The experiments were performed in an ultrahigh vacuum
study determined the film structure to be B@n angle- chamber containing several possibilities for preparation and
resolved Auger electron spectroscopy and LEED study conanalysis of thin films. These tools allow the determination of
cluded that in the initial growth stage fcc iron is stabiliZéd. growth, structure, and magnetism of surfaces and thin films.
However, it is generally accepted that full-dynamical LEED Both the apparatus and our treatment of theAQusingle
analyses should give much more reliable structural datacrystal have already been described elsewfer@he
Hence, iron films on R{100) presumably have a bcc struc- CuzAu(100) single crystal was cleaned by several sputtering
ture. and heating cycles. The preparation included extensive an-

Unfortunately there are no metallic elements with an fccnealing cycles as described in Ref. 28 to obtain the sharpest
structure and a lattice spacing between 3.61 and 3.80 A. Apossible LEED pattern. In addition, Auger spectroscopy was
interesting alternative has already been explored previouslysed to control the contamination level. Sputtering and heat-
by Gradmanri. He determined the magnetic properties ofing cycles were continued until no contamination could be
deposited iron films on Gu, _, alloys with varying com- observed any more. After this procedure high-purity Fe
position and hence lattice spacing. These properties show&d9.99% was evaporated from a small disk by radiation.
profound changes with alloy composition. However, theseDuring Fe deposition the pressure rise was typically below
changes could not be related unequivocally to different struci x 10" 8Pa. After the deposition source was turned off, it
tural states:?* quickly dropped to the base pressure of #0 °Pa. The

We have chosen GAu (100) as a model substrate in this growth was studied by monitoring the MEED intensity dur-
study in part because this alloy has a lattice constant of 3.7ilg deposition and later by determining the Auger intensity
A. Interestingly enough, a number of studies have alreadyatios. As described elsewhéf¢he thickness determination
investigated iron films on this substrat® 2" Most studies by MEED has a precision of 8% and was in excellent agree-
have focused on the magnetic properties of the films. Ferroment with the thickness determination by Auger intensity
magnetism was observed for film thicknesses above 1.fatios. This allows a precise determination of film thickness
ML.%>2® A spin reorientation transition from perpendicular to and enables a detailed correlation of film structure and mag-
in-plane at a thickness of 5.5 ML has recently beennetic properties with thickness.
reportec?® Previous studies had already speculated about For the precise determination of film structure the energy
such a magnetic reorientati@nThis transition has been at- dependence of the intensities of several LEED beams was
tributed to a structural transformation from fcc to bee if8n.  measured and compared with full dynamical calculations for
While similar conclusions have been derived from severakeveral film thicknesses. LEED spot profiles were measured
studies, those investigations only analyzed the LEED patterin addition to analyze the surface morphology and super-
and performed a kinematic analysis of LEEQV) data?®?®  structure evolving with increasing film thicknesses.
Recently, Linet al. have also used STM to support these In this study a sample manipulator was employed that
findings2® while a previous full-dynamical LEED analysis allows a precise variation of the polar and the azimuthal
turned out to be inconclusivé.This leaves us with the in- angle but not the tilt, which was fixed. The corresponding
teresting situation that while on RE00) with a lattice spac- angle has to be determined separately in the course of the
ing of 3.80 A bcc iron is stabilized, on GAu(100) with a  LEED optimization’ A program developed by Moritz was
lattice constant of 3.75 A apparently the fcc iron modifica-used® for the calculation of LEED intensities. In this pro-
tion can be grown up to 5.5 ML before a transformation togram symmetry adapted functions are used to reduce the an-
bcc iron occurs. This switching thickness is even larger thamular momentum components and the layer doubling method
for Cu(100), where the ferromagnetic fcc state can only beis employed to stack the layers. The best fit is determined by
stabilized up to 5 ML® Switching thickness on GAu de- a standard grid search. The atomic scattering is described
pends upon the growth temperature of the films and has beemith a maximum of 10 phase shifts derived from band-
determined to 3.5 ML for growth at 300 K and 5.5 ML for structure calculation®: In the calculations it was assumed
160-K growth. We observe a reorientation transition at 2.3that the iron films have an infinite thickness, i.e., the scatter-
and 3.2 ML for growth at 300 and 150 WRef. 28, respec- ing from the CyAu(100) substrate was neglected. This is a
tively. reasonable assumption for thicker films, but will reduce the

To test these conclusions and to precisely determine thaccuracy of the structure determination for films with thick-
crystallographic structure of the iron films, we have per-nesses below 5 ML. Both the imaginary part of the inner
formed an extensive study of the film structure for Fe onpotential, which describes the electron attenuation, and the
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real part of the inner potential are determined by the theory- The LEED data presented above describe the appearance
experiment fit minimizing two differenR factors, namely, and evolution of superstructures with growing thickness.

the PendnR factor’? (R,) and theRpe R factor® This gives a first hint of the film structure and structural
changes with film thickness but is insufficient to determine
Ill. RESULTS the full structure, i.e., the precise atomic positions in the Fe

A. Growth layers. To achieve this goal, LEEXV) curves have been

) . recorded for a number of Fe films. Both film thicknesses and
We have observed that the magnetic properties of the des;enaration conditions were varied to determine the influence

posited iron films depend not only upon thickness but also ot the film thickness and preparation on film structure. The
the substrate temperature during depositiorthe differ-  cgjection of Fe layer thicknesses represents a cross section
ences could be attributed mainly to interface roughness,e the relevant thickness range. In the following we will

which depended on the growth temperature of the films. Ity esent results with decreasing film thickness starting with a
addition, segregation of substrate atdfsas found. For @ 53 ) thick film. We continue with a 18.7 ML film. Finally

preparation temperature of 150 K, no segregation of Cu angle nhave investigated a 4.8-ML- and a 3.3-ML-thick film to
Au to the film surface is observed after iron deposition. For aqyer the thin film limit, as well. The 53-ML film was de-
growth temperature of 300 KRT), on the contrary, & pre- pqsited at 300 K and afterwards annealed up to 470 K. The
dqmlnant diffusion of Au atoms is observed. For iron film 1g 7_ML-thick film was also deposited at 300 K but not an-
thicknesses up to 4.4 ML, Auger spectroscopy observes A{ealed afterwards. To deposit the 4.8-ML film, at first 2 ML
in t_he surface vicinity. The thin iron films in this study Were \ere deposited at 150 K to avoid interdiffusion and after-
typically deposited at room temperatu890 K) but the thin- 2145 2.8 ML were evaporated at 300 K. Subsequently the
nest were deposited partially at low temperatlt80 K) 10 iy was annealed up to 470 K. The thinnest Fe film was
avoid segregation. obtained by deposition of 1.2 ML at 150 K following 2.1 ML
at RT without annealing.

Various parameters were varied independently to success-

The structure of the Fe films on A was characterized fully fit the experimental data. The optimized parameters can
by LEED, including the measurement of LEEDV) curves. be divided in two groups. The first group contains the struc-
Superstructure spots were observed by LEED for 150K} tural parameters. Interlayer spacings were varied for the first
and 300 K(RT) preparation. The superstructure spots occuthree layers. Furthermore both the bulk interlayer spacing
in a thickness range from 1.2 to 3 ML for LT deposition and(d,) and the in-plane nearest-neighbor spaciag) (were
1.8 to 5.5 ML for RT deposition. The superstructure spotsoptimized to account for strain relaxation. The precise deter-
are less intense for LT growth than for RT growth. The dif- mination of these parameters is most crucial for the structure
ference in the thickness is caused by the growing surfacdetermination of thin films. Furthermore nonstructural pa-
roughness in LT films above 3 ML. A spot profile analysis atrameters were optimized including, as mentioned above, the
1.8 ML revealed for LT and RT growth that the superstruc-imaginary {/;) and the real part\{y) of the potential. Also
ture is either af\2x 1)R45 or a 12X n\2)R45 struc-  included were the Debye temperatures, which were varied
ture with n=13-14. The superstructure spots converge toindependently for the surface and the bulk of the iron film.
wards the integer order spots for larger thicknesses. A spdtinally the tilt was determined to be 1.350.2 °. The tiltis
profile analysis for a 4.8 ML RT film shows the same super-identical for all films investigated because all layers have
structure withn=33. The effect of increasing can be ex- been deposited on the same single crystal. For the precise
plained by a growing superstructure unit cell. Only super-determination of film structures error bars need to be deter-
structure spots near integral order beamst{/n, | mined as well. Our estimate for the error bar comes from the
*+1/n) including (k=1=0) are observed. This limits the variance ofR, var(R,)=R,*y8V;/AE, whereAE is the
number of models to a sinusoidal displacement of atoms imiange of energies where calculated and measured spectra
the direction of the surface normal, i.e., a corrugatiomof overlap. The energy overlap is 2680 eV for the 53-ML-thick
atoms in the fcd001] direction. Because the superstructurefilm, 1975 eV for the 18-ML-thick film, 2824 eV for the
spots do not exhibit a preferential streaking in any crystallo4.8-ML-thick film and 2832 eV for the 3.3-ML-thick film.
graphic orientation we cannot distinguish if the atoms are Figure 1 shows measuré@V) curves for the 53-ML film
corrugated in a wave form in the fd©10] direction or in  and calculated (V) curves for the best fit for five represen-
both the fcc[010] and fcc[100] direction. tative beams. The comparison between experimental and cal-

The intensity of two neighboring superstructure spots isculated curves shows a good agreement for both the peak
unsymmetrical with respect to the adjacent substrate spopositions and the peak forms, indicative for a I®wactor.
The most intense superstructure spots are always observéable | lists the best-fit structure for the 53-ML Fe film,
for the negative sign, i.e.k 1/n,1—1/n). This behavior is which is d;,=1.48+0.03 A, d,3=1.47+0.02 A, d,
expected if the characteristic interatomic spacing in the scat=1.455+0.02 A, and a,=2.86+0.05 A. This shows
tering plane is larger than the GAu in-plane nearest- that the film has a nearly perfect bcc Fe structudg (
neighbor spacing. We conclude that the characteristic in=1.435 A anda,=2.87 A). The best-fit parameters ob-
plane atomic spacing in the Fe layer is 3—6% larger than théained for the differenR factorsR;, andRpg agree to better
atomic spacing in the Géu surface of 2.65 ARef. 28 in  than 0.01 A. Our conclusion is in accordance with previous
the thickness range up to 5.5 ML. Above 6 ML, the intensitystudies, employing a kinematical analysis of LEED dfat®,
of the substrate beams decreases. They are no longer visibdhich concluded that at large film thicknesses bcc iron is
above 9 ML. stabilized.

B. Structure
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FIG. 1. Comparison of calculateldV) curves for the best fit FIG. 2. Comparison of experimentédotted lineg and calcu-

model(solid lineg and experimentdl(V) curves(dashed linesfor lated(solid lineg I (V) curves for the 18-ML-thick film deposited at
the 53-ML-thick Fe film. The film was deposited at 300 K and 300 K. With the exception of thé€l,1) beam, all curves show a very
annealed up to 470 K after the deposition. Experimental and calcugood agreement.

lated curves show a very good agreement in both peak position and

peak form. the R factors are similar. The structural parameters &g

. _ _ =1.45+0.02 A,d,;=1.48+0.03 A,d,=1.46+0.03 A, and
Figure 2 shows an experiment/theory comparison for th% ~2.83-0.055 A. Again, we hence observe a bcc-like
p=2. . . ,

18'7'MLfthiCk Fe film. This film was not ar.‘”ea'ed a_fter structure but this time with a slightly larger tetragonal dis-
preparation. Therefore the roughness of the film was higheg .-

which reduced the intensity and increased the width of the The experiment/theory comparison for the 4.8-ML film is

LEED spots. Therefore fewer LEED spots were recordedy,,, in Fig. 3. The film was annealed after preparation to

than for _the other film thicknesses. Th|_s smaller OI""tab""saecrease the film roughness and improve the order. Figure 3
tends to increase the error bar as mentioned above. Neveé

) gain shows a good correspondence between theoretical and
theless Fig. 2 shows that the agreement between calculat%g

; ) , perimental data. This results in small error bars of
and experimental data is as good as for the 53-ML film. Evenio 025 A for structural parameters suchdis The struc-

_ . ) tural parameters for this thickness arel;,=1.56
TABLE I. Optimum parameters foR, for the different Fe film +0.02 A. doa=1.505-0.02 A d.=1.51+0.025 A. anda
thicknessesd;; is the interlayer distance between layerand ;2'74+0’0§35 A. Obvio.usly t’hebFe .film hés a rr;uch Iallorger
I, Opiis .the Debye temperature of layeranda, is the in-plane tetragonal distortion. This shows that the influence of the
nearest-neighbor spacing. The indexdenotes the bulk parameter substrate is much higher for the 4.8-ML Ee than for higher
while AE is the energy overlap between calculated and experimen= . 9 ) . 9
tal 1(V) curves. coverage. Interesting enough, the LEEDV) analysis re-

veals that the in-plane lattice spacing is larger than the in-

Parameter 3.3 ML 4.8 ML 18 ML 53 ML plane lattice spacing of GAu. This agrees nicely with the
3% lattice expansion we derive from the analysis of LEED

Rp 0.307 0.294 0.270 0.271 superstructure spots for a similar thickness.

dio(A) 157+0.03 1.56:0.02 1.45-0.02 1.48-0.03 Figure 4 shows the measured and the calculd@d

dyg(A) 1.51+0.03 1.5050.02 1.48-0.03 1.470.02 curves for the 3.3-ML thin film. The precise reproduction of
dy(A) 1.53+0.05 1.51+0.025 1.46-0.03 1.455-0.02 the measured LEEID(V) curves through the computation of
ap(A) 2.72+0.06 2.74-0.055 2.830.055 2.86-0.05 LEED data is a considerable challenge for several reasons.

®p1(K) 480 300 460 400 Due to the film roughness, the LEED spots are somewhat
Op(K) 520 470 470 400 weak and diffuse, leading to low intensities in the experi-
Opp(K) 520 500 550 400 mental data. Then, for such a thin film it is difficult to ignore
AE(eV) 2832 2824 1975 2680 the influence of the substrate. Nevertheless, a full dynamical

analysis assuming infinite film thickness is still superior to a
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FIG. 3. The dotted curves denote the experimeh(d) curves FIG. 4. Same as before, but for the 3.3-ML-thick Fe film. This

and the solid curves the best-fit structure calculated for the 4.8-MLf{ilm was also deposited in two steps. The first 1.2 ML were depos-
thick film. To suppress the influence of the Au diffusion the first 1.6ited at 150 K and the last 2.1 ML Fe at 300 K.
ML were deposited at 150 K and the last 3.2 ML at 300 K. The film

was annealed up to 470 K after the deposition. than approximately 1.1 ML. Close agreement also exists for
the film structure at large thicknesses of more than 10 ML.
kinematical LEED analysis. The surprise is that despite thesPrevious studies already derived the bcc structure of these
difficulties the agreement between theory and experiment ifiims from a kinematic analysis of thgV) curve for the
only slightly worse than for the other film thicknesses. Nev-(0,0) beam. This structure is confirmed by our full dynamical
ertheless, this results here in a noticeably larger error bar fainalysis of several beams, which determine that the in-plane
the structural parameters than for the other coverage. Thattice constang, is 2.86 A and the bulk interlayer spacing
optimized structural parameters amg,=1.57+0.03A,dy;  is 1.455 A for a 53-ML-thick film. These values closely re-
=1.51+0.03 A, d,=1.53+0.05 A, anda,=2.72-0.06 A.  semble the atomic distances of bcc iron. The bulk interlayer
The Fe film with a thickness of 3.3 ML hence displays anspacing of bcc iron with(100 surface orientation is
even larger tetragonal distortion then the 4.8-ML-thick film. 1.435 A,ap is 2.87 A. A similar structure is found in our full
Note thata,=2.72 A is again larger than than the in-plane dynamical analysis for an 18-ML-thick film with,, of 2.83
lattice constant of CyAu(a,=2.65 A), similar to our finding A, andd, of 1.46 A. Therefore, these findings unequivocally
for the 4.8-ML-thick film and the analysis of LEED spot confirm the bcc structure at large film thicknesses.
profiles. In the case of thinner Fe films, however, the situation is
Figure 5 shows the variation d®, with the bulk inter-  more complex. Previous studies performed a kinematic
layer spacingd, and the in-plane nearest-neighbor distanceanalysis of the0,0) beam and determined an interlayer spac-
a,. From the dependence of the position of tRefactor ing of 1.89-1.98 A. From this interlayer spacing it was con-
minimum upon thickness one can follow structural changesgluded that fcc iron is stable at small thicknesses up to 5.5
with increasing film thickness. These plots have additionallyML. We have measured tH¢V) curve of the(0,0) beam for
been used to determine the error bardgranda,, . 3.3- and 4.8-ML-thick iron films. The data for tk@,0) beam
From the information described above we will derive in were used as input for a full dynamical LEED analysis. This
the next section the ground-state structure as a function efnalysis showed two minima, one for the film structure as
increasing film thickness and correlate the film structure tadetermined by Linetal, ie., d,=1.875A. A second

previously reported magnetic properties. R-factor minimum is found ford,=153A and a,
=2.74 A, i.e., data very similar to the best-fit structure of an
IV. DISCUSSION extensive data set shown in Fig. 3. Hence the determination

of the film structure based on the data for g0 beam
In the last few years, several groups have studied thalone is inconclusivésee Fig. . Therefore we tried to fit
structure and magnetism of Fe on4uw(100). These stud- our entire data set of 10 beams for the 3.3-ML-thick iron film
ies consistently observe ferromagnetism in Fe films thickewith the structural parameters derived by Lén al2® The
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FIG. 5. The figure shows the dependence of the PeRABCIOr e, s reasonable at least for small misfits and they can be
upon the variation of the bulk interlayer distance and the |n-planedescribed by bulk elastic constants. Then the equation be-

n_earest-nelg_hbqr spacing. T_he sharp and deep minima allow a Pr&veenc and a, wherec is twice the interlayer spacinglf),
cise determination of the film structure. Because of the broader dais th t-neiahb ina in the ol b
minimum for the 3.3-ML film the error bar is larger for this film anda Is the nearest-neighbor spacing In the piane, can be

thickness. The arrows denote the bulk interlayer distalycand the derived toc/co=(a/ag) 7, wherey=2v/(1—v), v be-
in-plane nearest-neighbor spaciag for bulk bc100) Fe. ing the Poisson ratio. In Fig. 8 the epitaxial line for the three
states of iron are displayed. The structural parameters we

resultingl (V) curves are shown in Fig. 7. A visual inspec- have determined are closest to the epitaxial line of bcc iron.
tion reveals that neither the peak forms nor the peak posiThe antiferromagnetic fcc solution has to be excluded, since
tions are satisfactorily reproduced by the calculatéd) these as well as previous measurements show that the iron
curves. This is confirmed by the unsatisfactorily higliac-  films are ferromagnetic. This finally proves that iron films on
tor of 0.666. We have to conclude therefore that the struc€u;Au(100) have a bcc structure at least above 3.3 ML and
tural parameters of Liet al. are only sufficient to reproduce presumably even below this thickness. Additional confirma-
thel (V) curve of the(0,0) beam but not the full data set and tion for this conclusion comes from the observed LEED pat-
hence do not describe the true film structure. tern, which reveals that the iron atoms have a nearest-
Figure 8 shows the values fat, and a, for the four  neighbor spacing that is enlarged by 3—-6 % compared to the
different iron film thicknesses we have studied onCu;Au(100) substrate. This interatomic spacing is sketched
CuzAu(100). For comparison the bulk interlayer spacthg by the shaded ellipse in Fig. 8. Such an increased nearest-
and nearest-neighbor spaciag of FM (large circle and  neighbor spacing would be highly implausible for the growth
AFM fcc (large rhombugiron and bcc iror(large squareare  of the fcc modification, which has an equilibrium spacing of
shown as well. Even though the structural parameters wg.57 A. The film structure determined by Lat al. is also
determine are closest to the bcc structures, this is not concldlisplayed in Fig. 8. The corresponding data point is far away
sive evidence that the films have indeed bcc structure. Wérom any epitaxial lin€® This problem has already been re-
have to instead determine the structure of the film assuminglized by Linet al. and was attributed to an extremely large
the film would not be strained by the substrate. This un-atomic volume. We have shown above that the correspond-
strained, equilibrium film structure can be obtained from theing film structure cannot account for the observed LEED
epitaxial lin€"*> under two assumptions. The elastic proper-1(V) curves and has to be excluded. Furthermore, we believe
ties of the thin films have to be independent of film strain,that the bcc interlayer spacing and the observed strain relief
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FIG. 8. The different structures for various bulk phases of iron
are depicted FM bcc Fed(=1.435 A, a,=2.87 A) (large full
e . . squarg, FM fcc Fe d,=1.82 A, a,=2.57 A) (large full circle
100 200 300 400 and AF fcc Fe @,=1.795 A,a,=2.53 A) (large full rhombus In

Energy (eV) addition, the three curves show the epitaxial lines for FM bcc Fe
(dashed ling FM fcc Fe (solid line) and AF fcc Fe(dotted ling.

FIG. 7. Comparison of experimentédotted line$ and calcu-  The epitaxial lines were calculated using the formuléd,,
lated (solid lineg (V) curves for the 3.3-ML-thick film using the =ala., 7 (see also[3]). For the calculation, a parametes,
parameters d;;=2.03A,d3=1.99 A, d,=1.875A, and a, =1.16 andy,.=1.64 was used. Our structure determination for
=2.65 A) taken from Ref. 26. The nonstructural parameters were3.3-ML, 4.8-ML, 18-ML, and 53-ML thick fims is displayed as
the same as used in Fig. 4. Both the calculated peak positions angell including the error bargsmall full rhombus. It is clearly vis-
the peak forms do not agree very well with the experimental dataible that the epitaxial line for the bcc structure gives an excellent fit
This indicates that the structural parameters listed above do nab the film structure for the entire thickness range studied. This is
describe the film structure properly. not the case for the FM fcc line. The AF fcc line can be excluded

o ) ) ) ) ) since the films investigated here show ferromagnetism over a wide
with increasing film thickness can explain the different stephickness range. The shaded area betweeof 2.72 and 2.74 A
heights determined by STRE.Thus our structure determina- gepicts the in-plane nearest-neighbor spacing derived from an
tion should be consistent with previously published data an@nalysis of LEED spot positions. This analysis does not allow for
the speculation made by Marcus and Jona. the simultaneous determination of interlayer distances. The triangle

In conclusion we have shown that the ferromagnetic irorshows a value determined by Lit al. (Ref. 26 for 5.5-ML Fe
films grow with a strained bcc structure on w. This  grown at low temperature on GAu(100). The small rhombus
strain is reduced with increasing film thickness. The mag<{Ref. 9 and the small circléRef. 8 show experimental data for Fe
netic reorientation transition is not related to a structurafiims on Cy100.
transformation between fcc and bcc iron but rather occurs in
a thickness regime where considerable strain reduction takesodification was found. This finding, which is at first sight
place. This structural change is mainly controlled by thesomewhat puzzling can be understood if we consider the
elastic properties of the film, the misfit to the substrate, andlifferent contributions to the total energy mentioned in the
the interface properties. The transition is observed at slightlyntroduction. For the case of pseudomorphic growth, i.e., the
larger thicknesses for RT films, which might be attributed tofilm adopts the underlying substrate, the contribution of the
the layer amount of intermixing at the interface, which film strain can be derived from the elastic constants of the
should increase the overall stress and the onset of dislocatidiim. If we neglect the interfacial and surface contribution to
formation. The magnetic reorientation on the contrary has ¢he total energy, then the condition for the stability of a
lower switching thickness for RT films than LT films. The metastable state on an fcc substrate with lattice constant a is
magnetic reorientation is therefore not dominated by the
strain reduction. A competition of crystal and shape anisot- Emst 0Ems, strain= Estt 0Est, strain (1)
ropy determines the switching thickness. The interface an-
isotropy can be modified considerably by an intermixing atThis implies that the energy of the metastable sEtg plus
the interface, which explains the dependence of the magnetibe energy necessary to strain the metastable phase into
reorientation upon growth temperature. pseudomorphy on the substrate must be smaller then the sum
The prime goal of this study is the characterization of filmof the energy of the stable phaBg,, plus the energy neces-
structure and the correlation of film stress and film structuresary to strain the metastable phase into pseudomorphy on the
Contrary to common expectation and previous studies, no fcsubstrate. The growth of metastable states is facilitated if the
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energy difference between the stable and the metastablattice constants between 2.55 and 2.65 A should give an
phase is small. Furthermore a large misfit between the stablestimate on the role played by the surface and the interfacial
phase and the substrate but a small misfit between the meteentributions to the total energy.

stable phase and the substrate is requested to stabilize the

metastable state. Consider now the different states of iron. V. SUMMARY

From the work of Asada and Terakdfave obtain an ener ' . .
difference of 169 meV between the AFM fcc state ang ){he For Fe f||ms W|th.th|cknesses up to 53 ML, the struciure
thermodynamical stable bcc state. For the FM fcc iron theVas de'termmgd using me{:\sured LEE.D/) data and th_e
energy difference to bce iron amounts to 207 meV. To strairf-omparison with full dynamical calculations. For layer thick-
FM fec iron into perfect pseudomorphism on3®tm(160) 5 hesses of 18 and 53 ML an almost perfect bcc film structure

strain energy of 15 meV is requested, assuming that the ela s found, in close agreement with previous studies employing

tic constants of ferromagnetic fcc iron are identical to the inematic theory. For small thicknesses of 3.3 and 4.8 ML

constants of AEM fcc iron. While for the bee phase, a Iayerthe iron films also possess a bcc structure but are consider-

strain energy of 89 meV is requested. Nevertheless, the qifbly strained to accommodate the substrate spacing. The

ference in strain energies is smaller than the energy differf-:OnCIUSIon is in line with estimates of the total energy of the

ences of the two states. Hence, bcc iron should be stable Jien film. The energy difference between the stable bcc state

CuzAu. Furthermore, the bcc iron films can reduce the strainand the metastable FM fcc state is too large to be compen-

. P : ! - _sated by the difference in strain energy for the films. Further-
energy by the formation of misfit dislocations, which explain more our results are in agreement with previous predictions
the observed increase in the in-plane spacing. In conclusio%,y Marcus and Jon&
if we can neglect interfacial and surface contributions to the '
total energy, then the pseudomorphic bcc iron film should be
more favorable than the FM fcc state in agreement with our
experimental observation. Our results also indicate that on This work was supported by the Deutsche Forschungsge-
RNh(100) with a primitive square edge of 2.69 A the Fe film meinschaft(Contract No. Wu 243/2and the VDI project
should be expected to be strained bcc as found by Begle$Magnetische Multischichten,” Grant No. VDI 13 N 6607.
et al® On CU100 with a lattice spacing of 2.55 A, on the We thank W. Moritz for providing the code for the LEED
contrary, the fcc phase is more stable than the bcec phase. Tlealculations. B.F. gratefully acknowledges the support of the

determination of the iron film structure on substrates withKonrad Adenauer Stiftung.
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