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Structural and magnetic properties of Fe thin films on CuyAu;(001)
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A series of Fe thin films with thicknesses ranging from 1 monoldjér) to 30 ML was deposited on a
CugoAuy, (001) substrate 4=3.66 A) at room temperature. Structural properties were investigated by low-
energy electron diffractiofLEED). From intensity vs energyl(E)] measurements of the specular LEED
reflection, three different structural phases were observed. The first phase at low Fe thickaessgl ) is
a tetragonally expanded fcc phaget) with an interlayer distance, above 1.90 A. The second phase at Fe
thicknesses between 4 and 10 ML is associated with an interlayer distanck.76 A. With further increas-
ing Fe thickness 10 ML), the third phase, a b@@11) structure witha, ~2.03 A, occurs. The magnetic
properties were studied by situ magneto-optical Kerr effedMOKE). It was found that the Fe films of the
first and third phase have a high-spin ferromagnetic moment, while they exhibit a low net magnetic moment in
the second phase. The observed structural and magnetic phases are thus similar to (0@ Bes\taiem. The
direction of the easy magnetic axis in FejgAu, is perpendicular to the film plane only at thicknesses below
2 ML, where a spin-reorientation transition from perpendicular-to-the-film-plane to in-plane with increasing
film thickness has been found. The origin of perpendicular magnetization is discussed.
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[. INTRODUCTION about the dependence of structural and magnetic properties
of fcc-like Fe films on the substrate lattice parameter.

The growth of epitaxial thin films of ferromagnetic mate-  In this paper, we present a combined study of growth,
rial on nonmagnetic substrates under ultrahigh vacuum corstructure, and magnetism of Fe films on agguw;,(001)
ditions has long been a subject of interest. By deposition osingle crystal substrate, using low energy electron diffraction
ultrathin films it is possible to stabilize new materials with (LEED), medium energy electron diffractidiVEED) during
properties that deviate from the corresponding bulk crystals film growth, and magneto-optical Kerr effe@OKE) mea-

To tailor films with specific properties, the knowledge aboutsurements. The simultaneous determination of structural and
the correlation between the magnetic and structural propemmagnetic properties has the advantage that it allows to assign
ties is required. Ultrathin Fe films are particularly suited forthe observed structural phases in that system to the corre-
an investigation of this correlation, because Fe can exist in aponding magnetic behavior. The experiment is aimed to
ferromagnetic(FM) bcc, FM fcc or antiferromagnetitAF) contribute to a systematic understanding of the influence of
fcc modification?® For example, varying the film thickness the in-plane strain on the structural and magnetic properties
or changing the growth temperature in the FeAD0) sys- of fcc Fe films.

tem, a face centered tetragonéict) to fcc structural
evolutior® has been shown to be responsible for a magnetic
phase transition from a ferromagnetic to a nonferromagnetic
(antiferromagnetic or paramagnetjghase’~*? The structural The experiments were performed in an ultrahigh-vacuum
evolution gives rise to a change of the lattice parameterchamber designed for measurements of the magnetism and
leading to the magnetic phase transition. This behavior istructure of ultrathin films. The chamber is equipped with
mainly attributed to the critical value of the Cu lattice con- facilities for LEED, Auger electron spectroscogpAES),

stant (3.61 A), which is exactly the value for which a tran-MOKE, and thin film growth. Details can be found
sition between a high-spin and a low-spin ferromagneticelsewherd? A face to face arrangement of the LEED system
state of fcc Fe is predicteti® By using alternative substrates and the AES system permits the MEED measurement in a
such as CyAu,™® which has a larger lattice constant of grazing incidence geometry, by recording the intensity of the
3.75 A, the fcc-like Fe films exhibit only a ferromagnetic specularly reflected electron beam displayed on the LEED
phase, independently of the growth temperatdré. fluorescent screen. To monitor the process of film growth,

In order to investigate more systematically the influenceMEED with an incidence angle of less than 5° was em-
of the lattice strain induced by the substrate on epitaxial ulployed during the evaporation of iron. The §u;¢(001)
trathin fcc-like Fe films, more experimental data for Fe filmssubstrate was cleanéul situ by repeated cycles of Arsput-
grown on a substrate with a lattice parameter different frontering and subsequent annealing at 800 K, until there was a
that of CY001) and CyAu(001) would be desirable. One sharp and low-background LEED pattern. Surface impurities
way to achieve that is to use a single crystal of a CuAu alloywere below the AES detection limits{1%). Fefilms were
with an intermediate composition. At 90 atomic percent Cudeposited with the substrate at room temperature from an Fe
the lattice parameter is 3.66 &R,and lies thus in between wire of high purity (99.99%, heated by electron bombard-
the lattice parameters of Cu and Lw. The study of Fe ment. The Fe thickness was determined by MEED and AES.
films on CuwpAu,o(001) should thus broaden the knowledge The pressure during Fe deposition was kept below 3

II. EXPERIMENTAL TECHNIQUES
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X108 Pa at an evaporation rate of about 1 atomic mono- .
layer (ML)/min. During the measurements it was below 1.5 (a)

X108 Pa. The magnetic properties of the films were stud-

ied by in situ MOKE measurements. For the MOKE mea- .
surements, two He—Ne lasers with photoelastic modulators
and one photodiode as light detector were employed. The
lasers and the detector were arranged in such a way that both
the polar and the longitudinal Kerr signals can be measured ” .
by just rotating the sample about its vertical axis without any ! L

rearrangement of the optical elemetftSuch a setup allows \

a reliable measurement of spin-reorientation transitions, *

which needs quasi-simultaneous measurement of both the

perpendicular and in-plane Kerr signal. Longitudinal MOKE *
measurements were taken in th#00] azimuth. For the

structural investigation of the films, the intensity of the

LEED specular beam vs electron enefdyE)] was mea-

sured. A full interpretation of a LEED(E) curve is, in gen-

eral, more involved than can be done within a kinematic

analysis. Information on the average vertical interlayer dis-

tance, however, can be extracted from the LEHD turves

taken for the(00) diffraction beam, by considering a con- (b)

structive interference condition for the electron waBeagg

condition within the kinematic analysis. The vertical inter-

layer distancea, can then be expressed'a¥ .

AL S 6\2me(Ep(n)— Vo) -

Here, the integen is the order of the corresponding interfer- \

ence peakE,(n) the primary energy of the electron of that

peak,V, is the additional energy shift due to the average

inner potential in the crystaim, is the electron mass, ardl .
is the incident angle with respect to the sample surfaces

determined by a linear regression®f(n) vs. n?, whereV,

was treated as a second fit parameter. This method has been

successfully applied to the Fe/@@1) systen®?°for moni- .
toring the average vertical interlayer distance as a function of

temperature. FIG. 1. LEED patterns for 136 eV electron energy (af the
CugoAu;(001) substrate, an(b) after deposition of 7 ML Fe.
Ill. RESULTS
A. Structure stated. In contrast to the Fe/@00 system, where (%1)

. and (5x1) superstructures were found in the coverage re-
Figure 1 shows the LEED patterns (@ the clean ordered o' of the perpendicular ferromagnetic ph&i®no super-

ClgoAu1o(001) substrate anth) after 7 ML Fe deposition. gy icture due to a reconstruction of the Fe layer could be
The LEED picture of the substrate shows sharp spots and g,qeryed in Fe/GyAu,,(001) at all thicknesses under inves-
clear c¢(2x2) reconstruct|on. This |nd|ca_tes that the tigation. This is similar to the findings in Fe/GAL(001) 18
ClgoAuyo substrate surface is well crystallized, and flatthe apsence of a regular reconstruction as indicated in the
within the transfer width of the LEED system~(100 A). | gep pattern may thus be attributed to the higher tensile
The c(2x2) superstructure is very similar to that observedgrain due to the larger lattice mismatch in our system, in
on ordered CyAu(001);*** and could be an indication for ,.cordance with the result from o, ,/Cu(001), where
Au enrichment on the surface. The diffraction pattern of 7.oonstructions of the FeCo film were only observed for
ML Fe/CuyAu,(001) [Fig. Lb)] reveals a p(k1) struc- compressive straift

ture with spots at the same positions as (@ spots of the For the characterization of the growth, the MEED inten-
substrate, indicating a growth of the Fe film in an fcc-like sity of the (00) spot was measured during Fe deposition.
structure. The §3) superstructure spots, which were ob- Figure 2 shows MEED data for the growth of 12 ML Fe on
served for the clean GyAu,o(001) substrate, have vanished. CuypAu,¢(001). The intensity shows well-defined oscilla-
Within the limited accuracy of the LEED spot position de- tions up to a film thickness of about 10 ML. They are char-
termination of about 3%, a pseudomorphic growth can beacteristic of a layer-by-layer growth mode. In addition, a
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FIG. 2. MEED specular beam intensity as a function of time
during the deposition of 12 ML Fe on GgAu;,(001). The corre-
sponding film thickness is given at the upper axis. Three qualita-
tively different thickness regions are labeled I, 1l, and IlI.
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distinct change of the MEED intensity between thicknesses snergy (eV)

below and above=4 ML is observed. The MEED intensity FIG. 3. Intensity vs energy!(E)] curves of the LEED(00)
is not only influenced by the morphology of the film surface specular beam for the clean &fu;o(001) substratébottom-most
during growth, but also by the film structu?®® The in-  curve, and for Fe/CyAu;(001) films of various Fe thicknesses,
crease in MEED intensity at=4 ML Fe thickness could as indicated on the right hand side, measured at room temperature.
indicate a structural transition in the films, like in Fe/ Three distinctly different Fe thickness regimes, labeled I, Il, and Il
Cu(001), where similar MEED curves have been onthe left hand side, can be distinguished by different type gty
observed1%212425The variation of the MEED intensity is curves. The dashed, dash—dotted, and dotted lines denote the cor-
also accompanied by a distinct change of the MEED patterrfpsponding sequences of kinematic peak maxima. The numbers at
At a thickness above 4 ML, a reduction of the spot intensitythe top giv_e the scattering order for the sequence of peak maxima at
and an increase in spot size was observed. high Fe thicknesses.

More quantitative structural information can be obtained
from LEED I (E) measurements. Figure 3 contains a compi-to that of the substrate. The third peak seque(dated
lation of LEED I(E) curves of thg/00) diffraction spot taken lines) occurs in the films with thickness10 ML. The in-
at room temperature for the clean Jgiiu;o(001) substrate terpretation of this sequence as belonging to a structure with
(bottommost curveand for Fe films of various thicknesses a distinctly higher vertical interlayer distance as that of the
dre, as indicated on the right hand side. Three thicknessubstrate, as labeled at the top of Fig. 3, is consistent with a
regions with clearly different shape of theE) curves can be (110 oriented bcc phase of Fe, as will be shown below. A
easily distinguished from looking at the curves of Fig. 3, ascloser examination of the curves reveals that films of 4-5
indicated on the left hand side. The dashed, dash—dotted, aidlL thickness are characterized by a coexistence of the first
dotted lines highlight three different peak sequences witland the second structural phase. At 9—10 ML, the films ex-
equal \/E separation, which correspond to three differenthibit signs of a coexistence of the second and third phase.
structural phases. The indices at the top of the figure denote Values for the average vertical atomic interlayer distance
the integer number of the electron wavelength associated, for each film thickness can be extracted from the ener-
with a constructive interference as shown in EQ.in Sec.  getic positions of the kinematic peaks in the LEE[E)
Il. The first peak sequenc@ashed linesobserved for Fe curves of Fig. 3 according to Eql). a, is obtained as the
films up to 4 ML thickness is found at lower energies thanslope of plots of the peak energ(n) vs n?. Such plots for
the corresponding sequence of the clean substrate. It has 30 7, and 30 ML representing the three different structural
be attributed to a structural phase of Fe with an expandephases are presented in the inset of Fig. 4. The excellent
vertical interlayer distance. With increasing Fe thickness, thegreement with Eq(l) demonstrates the validity of the as-
intensity of the first peak sequence decreases. At 4 ML Fsignment ofn. The values of, for all Fe thicknesses inves-
thickness, the second peak sequence appeash—dotted tigated are shown in Fig. 4 as a function of film thickness.
lines), which is observed up te=10 ML thickness. The en- The horizontal dotted line indicates the experimental value
ergetic positions of the peaks of this sequence indicate #or a, of the clean substrate (1.855 A). This is slightly
structural phase with a reduced interlayer distance comparddrger than 1.83 A, which would be expected from the bulk
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FIG. 4. Average vertical interlayer distancas extracted from
the kinematic peak sequences in tfi) Icurves of Fig. 3. The value L L ' L
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of a, that was measured for the gyAu,4(001) substrate is high-
lighted by the dotted horizontal line. The inset shows representative
examples of the kinematic analysis of the peak sequences of Fig. 3.
Energy positions of these peaks are plotted vs the square of the FIG. 5. Polar MOKE loops for Fe/GyAu;¢(001) films with Fe
corresponding scattering ordarfor three Fe thicknesses of 3, 7, thicknesses of 1.0, 1.6, and 1.8 ML at 150 K.
and 30 ML, representative of the three different structural regions
seen in Fig. 3 and labeled I, II, and IIl. MOKE loops in polar geometry for 1.0, 1.6, and 1.8 ML Fe
films at 150 K. A significant MOKE signal was first detected
lattice constant. This discrepancy may be due to a systematfor a thickness of 1 ML, with the intensity linearly propor-
error in the kinematic analysis of the LEHIE) curves, or tional to the applied magnetic field. The lacking of hysteresis
to a surface relaxation of the interlayer lattice spacing ofindicates that the ferromagnetic phase is not yet developed at
CugoAu;((001). Values increasing from 1.90 to 1.96 A with that temperature. The magnetization curve hints towards the
thickness are found for the first peak sequence of Fe opresence of superparamagnetism. Increasing the Fe thickness
CugoAu,o(001), labeled | in Fig. 4. This is significantly upto 1.6 or 1.8 ML, the loops in Fig. 5 clearly show hyster-
larger than the substrate layer spacing. We attribute thigsis, demonstrating the onset of ferromagnetism. For films
similar to Fe/C@001) (Refs. 7 and 1pand Fe/CyAu(001) less than 2 ML, the strong polar Kerr signal indicates an easy
(Refs. 14 and 1Bto a vertically expanded fct phase of Fe. direction of the magnetization perpendicular to the film
The increase of, with Fe thickness could be due to the plane.
influence of the substrate, in the LEED I(E) curves at Figure 6 shows longitudinal MOKE curves for 1.0, 1.6,
very low Fe thicknesses. A reduction of the Fe lateral lattice3.3, 5.1, 8.1, and 16 ML Fe films. For 1 ML the longitudinal
spacing by less than 3% by the occurrence of misfit dislocaMOKE intensity is linearly proportional to the applied mag-
tions can also not be ruled out. For the second peak sequengetic field. Between~1.5 and 2 ML the Fe films can be
(I), a_is around 1.76 A, i.e., smaller than that of the sub-saturated in both the longitudinal and polar geometry by
strate, and close to the interlayer distance@fi1)-oriented fields of 200 Oe. The curve for 1.6 ML in Fig. 5 shows an
fcc Fe/C001).2 For a pseudomorphic lateral lattice spacingin-plane magnetic signal without hysteresis, indicative for a
this would mean a contraction in vertical direction comparedhard axis of magnetization. For Fe thicknesses of 3.3 ML
to the substrate fcc lattice. We attribute this phase thus to and higher the MOKE curves show that the easy axis of
vertically compressed fct phase of Fe. Increasing the F&agnetization is in-plane. For ultrathin ferromagnetic films,
thickness beyond 10 ML, aextracted from the third peak the Kerr effect initially depends linearly on the thickness if
sequencdlll) approaches an interlayer distance of 2.03 A.the magnetization is thickness-independ@ut in Fig. 6,
This value is quite close to the interlayer spacing of bulk bcdhe Kerr signal of the saturation magnetization is about the
Fe in the(110) direction (2.066 A). We conclude thus that same for 3.3, 5.1, and 8.1 ML. At 16 ML it is more than four
the third phase, like in thick Fe films on @01),2%?” con-  times higher than at 8.1 ML. The detailed thickness depen-
sists mainly of(011) oriented bcc Fe. dence of the longitudinal saturation Kerr intensity is plotted
in Fig. 7. The MOKE intensity increases sharply with thick-
ness in the range of 1.6—3.3 ML, just after the onset of fer-
romagnetism. Extrapolation of those points towards zero
The magnetic properties of all films were investigated usyields an ordinate intersection close to zero, which means
ing in-situ MOKE. Figure 5 shows the development of the that there is no significant amount of magnetically dead lay-

H (Oe)

B. Magnetic properties
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T " T T T " T " T IV. DISCUSSION AND CONCLUSION

longitudinal MOKE . .
T-150K 1.0 ML We observed three structurally and magnetically different

2 Pirmesteutiteseentigher phases in Fe/GgAu;o(001). Up to 4 ML Fe thickness fer-
kd romagnetism and high atomic interlayer distances in an fcc-
like structure are observéphase ). A second phasél) can

& # 33 ML be identified betweern=4 and 10 ML Fe thickness. It is

§ partly nonferromagnetic. The structure is also fcc-like, with
G | et 51 ML lower interlayer distances. At Fe thicknesses above 10 ML
S r B phase Ill, a ferromagnetic phase with t&tl) structure is

%- Wm ML found. The presence of these three phases in
S ) Fe/CuyoAu,o(001) qualitatively resembles the respective
% L W N phases found in Fe/Q01) at very similar thicknesses. The
E 16 ML 1.4% larger lattice constant of GyAu,, compared to Cu

seems to have no strong influence on the structural and mag-
netic properties of the Fe films. On the other hand, in
B T Fe/CyAu(001), only phase | was found in a similar thick-
ness interval, followed by an immediate conversion of the Fe
films to (001) oriented bcc-Fé*18
. . | . | . | . | As mentioned in Sec. Il A, the observed superstructure in
-200 -100 0 100 200 the LEED image of the clean samfleig. 1(a)] could be an
indication for Au enrichment at the surface. The measured
H (Qe) vertical interlayer distance, however, is only slightly larger
FIG. 6. Longitudinal MOKE loops for Fe/GyAu,(001) films (within the systematic error of the methathan expected for

with Fe thicknesses of 1.0, 1.6, 3.3, 5.1, 8.1, and 16 ML at 150 k PUlk ClsAuso, and clearly different from the values ob-
tained for Cu or CgAu. We conclude thus that no significant

ers between the interface of the Fe fiim and thedeviation of the surface lattice constant from the bulk occurs.

CugoAu;o(001) substrate. The Kerr intensity increases lin- Interesting is a comparison of the vertical interlayer dis-
early with Fe thickness up to 3.3 ML, which is related to thetances of phase I in the three systems, whereas the interlayer
growth of a homogeneous ferromagnetic film in phase Ispacing at small Fe thicknesses in Fel@i) was deter-
Above 3.3 ML the Kerr intensity decreases, following the mined by a full-dynamical LEED analysis as varying be-
structural phase transition from the expanded to the comiween 1.85 and 1.90 Ajn Fe/CuyoAu(001) we find even
pressed fct-Fe film. The reduction of the Kerr intensity is duehigher values ranging between 1.90 and 1.96 A. In
to the presence of either paramagnetic or antiferromagnetice/CtAu(001) very similar values of 1.90-1.94 A were
Fe in that phase. The Kerr intensity is almost constant in théound:® This might be puzzling in view of an elastic strain
second phasé@l). At an Fe thickness of 10 ML, where the Ppicture, since it is then expected that the larger lateral lattice
bcd011) oriented Fe appears, the Kerr intensity increaseslistances of CgpAu;(001) or CyAu(001) would lead to a
again rapidly. This can be understood by the dominatingeduction of the vertical lattice distance of Fe. One has to
contribution of ferromagnetic bcc-Fe to the magnetization. consider the possibility that in the purely kinematic LEED
analysis of the present data and of Ref. 18 a certain system-

7 T T T atic error might be present. A previous kinematic LEED
@ ; ; analysis of Fe/C{®01) (Ref. 20 resulted in values of the
c 6 | ' n poom _ . . . .
5 : : average Fe interlayer spacing that were systematically higher
£ 5L ; ; | by 0.01-0.03 A than the corresponding values of a fully
; : : dynamical tensor LEED study? Considering further the,
3 4L 5 ; } | value we find for the clean substrate, and keeping in mind
2 5 : that no superstructure indicating a vertical buckling of the Fe
t 3k | } - films was observed, we think that is systematically over-
%’ : { . estimated by not more than 1.5%.
e 2r { : : . A possible explanation of this behavior af could be a
E ' { { } noncubic, i.e., tetragonal ground state of fcc-like Fe, as sug-
g’ 1 : % 5 7 gested by Marcust al?° Another point that we have to con-

|

0 L sider in this context is that we cannot rule out completely a
0 5 10 15 20 nonpseudomorphic reduced lateral lattice spacing of the Fe
Fe thi films. In any case we can conclude that the rather large lat-
e thickness (ML) . . . .
tice spacing of 1.90 A or higher of ferromagnetithigh
FIG. 7. Thickness dependence of the longitudinal MOKE inten-Spin”) fcc-like Fe does not result from lateral tensile strain
sity. The three structurally different thickness regions are indicatedrom the substrate.
and labeled I, Il, and Il The formation of nonferromagnetic fcc-like Fphase Il

024401-5



S. S. KANG, W. KUCH, AND J. KIRSCHNER PHYSICAL REVIEW B3 024401

in Fe/CuyAu,o(001) and Fe/C@®01)] seems to be sup- perpendicular volume anisotropy within a magnetoelastic
pressed above a certain critical substrate lattice parameténodel gives a value one order of magnitude smaller than the
which must be in between the one of ggAu;, and the one  measured on& It has been observed, however, that in ultra-
of CusAu, i.e., between 3.66 and 3.75 A. Also, in phase Il athin films the magnetoelastic constants can be very different
close similarity of the vertical interlayer distances of from the corresponding bulk valudsin the absence of a
Fe/CuoAu,(001) (1.76 A) and Fe/d001) (between 1.76 direct measurement of the magnetic anisotropy constant for
and 1.78 &) can be stated. The same discussion as befortc-like Fe/CypAu;((001), we cannot quantitatively confirm
holds for that phase. Experimental evidence for a nonpseuddhe presence of such a perpendicular volume anisotropy,
morphic in-plane lattice match of Fe on @01) in that  Which should, in principle, also exist in our system due to the
phase has already been claimed bylltuet al® lattice expansion along the sample normal.

Another point is the origin of the perpendicular anisotropy In conclusion, the structural and magnetic properties of Fe
in the fcc-like Fe films. The critical thicknegs<2.0 ML  films, epitaxially grown on CgyAu;o(001), were investi-
for the spin-reorientation transition from perpendicular to in-gated by using MEED, LEED(E), and MOKE measure-
plane magnetization in our system is less than the one ifnents. Varying the Fe thickness between 1 and 30 ML, three
Fe/Cuy001) and Fe/CyAu(001), wheret. is 11 and 3.5 ML,  different structural phases were observed. For small Fe thick-
respectively’”** Commonly, the magnetocrystalline surface Nesses below 4 ML the Fe films exist in a tetragonally ex-
anisotropy, which is assumed to be responsible for the exigpanded fcc-like phase. With increasing Fe thickness, a tet-
tence of the perpendicular magnetization in ultrathin Feragonally compressed fcc-like structure occurs. At Fe
films, is due to the broken symmetry of the crystalline struc-thicknesses above 10 ML, the films exhibit an fcc—bcc struc-
ture at the surface and at the interface, and is consequenﬂzral transition. Three distinct magnetic phases associated to
very sensitive to the qua"ty of the surface or interface. At e structural phases of the Fe films have been identified: the
poor crystalline structure with dislocations and defects at th@xpanded fcc-like films and the bec films are ferromagnetic
surface(interface could obscure the symmetry character of With comparable moments, while the compressed fcc-like
the surface, and consequently may drastically reduce th#ims show a lower net magnetic moment. Furthermore, a
magnetocrysta”ine perpendicu|ar surface anisotropy_ Howspin—reorientation transition of the magnetic easy axis from
ever, also other sources of the perpendicular magnetizatioput-of-plane to in-plane has been found for the fct films at
than the magnetocrystalline surface anisotropy have beefpout 2 ML Fe thickness.
discussed. Fowleet al. have reported that for Fe/@01)
also a perpendicular volume anisotropy is found to have a
crucial contribution to the resulting out-of-plane easy ais.
This perpendicular volume anisotropy is assumed, according The authors would like to thank B. Zada for her expert
to Ref. 30, to be caused by the lattice distortiempansion  technical support. S.S.K. thanks the Max-Planck-Society for
normal to the film surface. Nevertheless, an estimate of thia stipend.
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