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Structural and magnetic properties of Fe thin films on Cu90Au10„001…

S. S. Kang,* W. Kuch,† and J. Kirschner
Max-Planck-Institut fu¨r Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

~Received 3 August 2000; published 11 December 2000!

A series of Fe thin films with thicknesses ranging from 1 monolayer~ML ! to 30 ML was deposited on a
Cu90Au10 ~001! substrate (a53.66 Å) at room temperature. Structural properties were investigated by low-
energy electron diffraction~LEED!. From intensity vs energy@I~E!# measurements of the specular LEED
reflection, three different structural phases were observed. The first phase at low Fe thicknesses (,4 ML) is
a tetragonally expanded fcc phase~fct! with an interlayer distancea' above 1.90 Å. The second phase at Fe
thicknesses between 4 and 10 ML is associated with an interlayer distancea''1.76 Å. With further increas-
ing Fe thickness (.10 ML), the third phase, a bcc~011! structure witha''2.03 Å, occurs. The magnetic
properties were studied byin situ magneto-optical Kerr effect~MOKE!. 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 the Fe/Cu~001! system. The
direction of the easy magnetic axis in Fe/Cu90Au10 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.

DOI: 10.1103/PhysRevB.63.024401 PACS number~s!: 75.70.Ak, 75.50.Bb, 68.55.2a
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I. INTRODUCTION

The growth of epitaxial thin films of ferromagnetic mat
rial on nonmagnetic substrates under ultrahigh vacuum c
ditions has long been a subject of interest. By deposition
ultrathin films it is possible to stabilize new materials wi
properties that deviate from the corresponding bulk crysta1

To tailor films with specific properties, the knowledge abo
the correlation between the magnetic and structural pro
ties is required. Ultrathin Fe films are particularly suited f
an investigation of this correlation, because Fe can exist
ferromagnetic~FM! bcc, FM fcc or antiferromagnetic~AF!
fcc modification.2–6 For example, varying the film thicknes
or changing the growth temperature in the Fe/Cu~100! sys-
tem, a face centered tetragonal~fct! to fcc structural
evolution7,8 has been shown to be responsible for a magn
phase transition from a ferromagnetic to a nonferromagn
~antiferromagnetic or paramagnetic! phase.9–12The structural
evolution gives rise to a change of the lattice parame
leading to the magnetic phase transition. This behavio
mainly attributed to the critical value of the Cu lattice co
stant (3.61 Å), which is exactly the value for which a tra
sition between a high-spin and a low-spin ferromagne
state of fcc Fe is predicted.3–5 By using alternative substrate
such as Cu3Au,13 which has a larger lattice constant
3.75 Å, the fcc-like Fe films exhibit only a ferromagnet
phase, independently of the growth temperature.13,14

In order to investigate more systematically the influen
of the lattice strain induced by the substrate on epitaxial
trathin fcc-like Fe films, more experimental data for Fe film
grown on a substrate with a lattice parameter different fr
that of Cu~001! and Cu3Au~001! would be desirable. One
way to achieve that is to use a single crystal of a CuAu al
with an intermediate composition. At 90 atomic percent
the lattice parameter is 3.66 Å,15 and lies thus in between
the lattice parameters of Cu and Cu3Au. The study of Fe
films on Cu90Au10(001) should thus broaden the knowled
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about the dependence of structural and magnetic prope
of fcc-like Fe films on the substrate lattice parameter.

In this paper, we present a combined study of grow
structure, and magnetism of Fe films on a Cu90Au10(001)
single crystal substrate, using low energy electron diffract
~LEED!, medium energy electron diffraction~MEED! during
film growth, and magneto-optical Kerr effect~MOKE! mea-
surements. The simultaneous determination of structural
magnetic properties has the advantage that it allows to as
the observed structural phases in that system to the co
sponding magnetic behavior. The experiment is aimed
contribute to a systematic understanding of the influence
the in-plane strain on the structural and magnetic proper
of fcc Fe films.

II. EXPERIMENTAL TECHNIQUES

The experiments were performed in an ultrahigh-vacu
chamber designed for measurements of the magnetism
structure of ultrathin films. The chamber is equipped w
facilities for LEED, Auger electron spectroscopy~AES!,
MOKE, and thin film growth. Details can be foun
elsewhere.13 A face to face arrangement of the LEED syste
and the AES system permits the MEED measurement i
grazing incidence geometry, by recording the intensity of
specularly reflected electron beam displayed on the LE
fluorescent screen. To monitor the process of film grow
MEED with an incidence angle of less than 5° was e
ployed during the evaporation of iron. The Cu90Au10(001)
substrate was cleanedin situ by repeated cycles of Ar1 sput-
tering and subsequent annealing at 800 K, until there wa
sharp and low-background LEED pattern. Surface impurit
were below the AES detection limit ('1%). Fefilms were
deposited with the substrate at room temperature from an
wire of high purity ~99.99%!, heated by electron bombard
ment. The Fe thickness was determined by MEED and A
The pressure during Fe deposition was kept below
©2000 The American Physical Society01-1
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31028 Pa at an evaporation rate of about 1 atomic mo
layer ~ML !/min. During the measurements it was below 1
31028 Pa. The magnetic properties of the films were stu
ied by in situ MOKE measurements. For the MOKE me
surements, two He–Ne lasers with photoelastic modula
and one photodiode as light detector were employed.
lasers and the detector were arranged in such a way that
the polar and the longitudinal Kerr signals can be measu
by just rotating the sample about its vertical axis without a
rearrangement of the optical elements.16 Such a setup allows
a reliable measurement of spin-reorientation transitio
which needs quasi-simultaneous measurement of both
perpendicular and in-plane Kerr signal. Longitudinal MOK
measurements were taken in the@100# azimuth. For the
structural investigation of the films, the intensity of th
LEED specular beam vs electron energy@ I (E)# was mea-
sured. A full interpretation of a LEED I~E! curve is, in gen-
eral, more involved than can be done within a kinema
analysis. Information on the average vertical interlayer d
tance, however, can be extracted from the LEED I~E! curves
taken for the~00! diffraction beam, by considering a con
structive interference condition for the electron wave~Bragg
condition! within the kinematic analysis. The vertical inte
layer distancea' can then be expressed as17,18

a'5
np\

sinuA2me~Ep~n!2V0!
. ~1!

Here, the integern is the order of the corresponding interfe
ence peak,Ep(n) the primary energy of the electron of th
peak,V0 is the additional energy shift due to the avera
inner potential in the crystal,me is the electron mass, andu
is the incident angle with respect to the sample surface.a' is
determined by a linear regression ofEp(n) vs. n2, whereV0
was treated as a second fit parameter. This method has
successfully applied to the Fe/Cu~001! system19,20 for moni-
toring the average vertical interlayer distance as a functio
temperature.

III. RESULTS

A. Structure

Figure 1 shows the LEED patterns of~a! the clean ordered
Cu90Au10(001) substrate and~b! after 7 ML Fe deposition.
The LEED picture of the substrate shows sharp spots a
clear c(232) reconstruction. This indicates that th
Cu90Au10 substrate surface is well crystallized, and fl
within the transfer width of the LEED system ('100 Å).
The c(232) superstructure is very similar to that observ
on ordered Cu3Au(001),14,18 and could be an indication fo
Au enrichment on the surface. The diffraction pattern o
ML Fe/Cu90Au10(001) @Fig. 1~b!# reveals a p(131) struc-
ture with spots at the same positions as the~10! spots of the
substrate, indicating a growth of the Fe film in an fcc-li

structure. The (12
1
2 ) superstructure spots, which were o

served for the clean Cu90Au10(001) substrate, have vanishe
Within the limited accuracy of the LEED spot position d
termination of about 3%, a pseudomorphic growth can
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stated. In contrast to the Fe/Cu~100! system, where (431)
and (531) superstructures were found in the coverage
gime of the perpendicular ferromagnetic phase,7,10 no super-
structure due to a reconstruction of the Fe layer could
observed in Fe/Cu90Au10(001) at all thicknesses under inve
tigation. This is similar to the findings in Fe/Cu3Au(001).18

The absence of a regular reconstruction as indicated in
LEED pattern may thus be attributed to the higher tens
strain due to the larger lattice mismatch in our system,
accordance with the result from FexCo12x /Cu(001), where
reconstructions of the FeCo film were only observed
compressive strain.21

For the characterization of the growth, the MEED inte
sity of the ~00! spot was measured during Fe depositio
Figure 2 shows MEED data for the growth of 12 ML Fe o
Cu90Au10(001). The intensity shows well-defined oscilla
tions up to a film thickness of about 10 ML. They are cha
acteristic of a layer-by-layer growth mode. In addition,

FIG. 1. LEED patterns for 136 eV electron energy of~a! the
Cu90Au10(001) substrate, and~b! after deposition of 7 ML Fe.
1-2



se

ce

e/
n

er
it

ed
p

s
es

a
, a
it
n

no
te

an
as
de
th
F

e
ar

with
he
th a
A

–5
first
ex-
e.
ce
er-

ral
llent
-

-
ss.
lue
ly
lk

e

lita

,
ture.
III

cor-
rs at
a at
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distinct change of the MEED intensity between thicknes
below and above'4 ML is observed. The MEED intensity
is not only influenced by the morphology of the film surfa
during growth, but also by the film structure.22,23 The in-
crease in MEED intensity at'4 ML Fe thickness could
indicate a structural transition in the films, like in F
Cu~001!, where similar MEED curves have bee
observed.9,10,21,24,25The variation of the MEED intensity is
also accompanied by a distinct change of the MEED patt
At a thickness above 4 ML, a reduction of the spot intens
and an increase in spot size was observed.

More quantitative structural information can be obtain
from LEED I (E) measurements. Figure 3 contains a com
lation of LEED I~E! curves of the~00! diffraction spot taken
at room temperature for the clean Cu90Au10(001) substrate
~bottommost curve! and for Fe films of various thicknesse
dFe, as indicated on the right hand side. Three thickn
regions with clearly different shape of theI (E) curves can be
easily distinguished from looking at the curves of Fig. 3,
indicated on the left hand side. The dashed, dash–dotted
dotted lines highlight three different peak sequences w
equal AE separation, which correspond to three differe
structural phases. The indices at the top of the figure de
the integer number of the electron wavelength associa
with a constructive interference as shown in Eq.~1! in Sec.
II. The first peak sequence~dashed lines! observed for Fe
films up to 4 ML thickness is found at lower energies th
the corresponding sequence of the clean substrate. It h
be attributed to a structural phase of Fe with an expan
vertical interlayer distance. With increasing Fe thickness,
intensity of the first peak sequence decreases. At 4 ML
thickness, the second peak sequence appears~dash–dotted
lines!, which is observed up to'10 ML thickness. The en-
ergetic positions of the peaks of this sequence indicat
structural phase with a reduced interlayer distance comp

FIG. 2. MEED specular beam intensity as a function of tim
during the deposition of 12 ML Fe on Cu90Au10(001). The corre-
sponding film thickness is given at the upper axis. Three qua
tively different thickness regions are labeled I, II, and III.
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to that of the substrate. The third peak sequence~dotted
lines! occurs in the films with thickness.10 ML. The in-
terpretation of this sequence as belonging to a structure
a distinctly higher vertical interlayer distance as that of t
substrate, as labeled at the top of Fig. 3, is consistent wi
~110! oriented bcc phase of Fe, as will be shown below.
closer examination of the curves reveals that films of 4
ML thickness are characterized by a coexistence of the
and the second structural phase. At 9–10 ML, the films
hibit signs of a coexistence of the second and third phas

Values for the average vertical atomic interlayer distan
a' for each film thickness can be extracted from the en
getic positions of the kinematic peaks in the LEEDI (E)
curves of Fig. 3 according to Eq.~1!. a' is obtained as the
slope of plots of the peak energyE(n) vs n2. Such plots for
3, 7, and 30 ML representing the three different structu
phases are presented in the inset of Fig. 4. The exce
agreement with Eq.~1! demonstrates the validity of the as
signment ofn. The values ofa' for all Fe thicknesses inves
tigated are shown in Fig. 4 as a function of film thickne
The horizontal dotted line indicates the experimental va
for a' of the clean substrate (1.855 Å). This is slight
larger than 1.83 Å, which would be expected from the bu

-

FIG. 3. Intensity vs energy@ I (E)# curves of the LEED~00!
specular beam for the clean Cu90Au10(001) substrate~bottom-most
curve!, and for Fe/Cu90Au10(001) films of various Fe thicknesses
as indicated on the right hand side, measured at room tempera
Three distinctly different Fe thickness regimes, labeled I, II, and
on the left hand side, can be distinguished by different types ofI (E)
curves. The dashed, dash–dotted, and dotted lines denote the
responding sequences of kinematic peak maxima. The numbe
the top give the scattering order for the sequence of peak maxim
high Fe thicknesses.
1-3
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lattice constant. This discrepancy may be due to a system
error in the kinematic analysis of the LEEDI (E) curves, or
to a surface relaxation of the interlayer lattice spacing
Cu90Au10(001). Values increasing from 1.90 to 1.96 Å wi
thickness are found for the first peak sequence of Fe
Cu90Au10(001), labeled I in Fig. 4. This is significantl
larger than the substrate layer spacing. We attribute t
similar to Fe/Cu~001! ~Refs. 7 and 10! and Fe/Cu3Au(001)
~Refs. 14 and 18! to a vertically expanded fct phase of F
The increase ofa' with Fe thickness could be due to th
influence of the substratea' in the LEED I (E) curves at
very low Fe thicknesses. A reduction of the Fe lateral latt
spacing by less than 3% by the occurrence of misfit dislo
tions can also not be ruled out. For the second peak sequ
~II !, a' is around 1.76 Å, i.e., smaller than that of the su
strate, and close to the interlayer distance of~001!-oriented
fcc Fe/Cu~001!.8 For a pseudomorphic lateral lattice spaci
this would mean a contraction in vertical direction compa
to the substrate fcc lattice. We attribute this phase thus
vertically compressed fct phase of Fe. Increasing the
thickness beyond 10 ML, a' extracted from the third pea
sequence~III ! approaches an interlayer distance of 2.03
This value is quite close to the interlayer spacing of bulk b
Fe in the^110& direction (2.066 Å). We conclude thus th
the third phase, like in thick Fe films on Cu~001!,26,27 con-
sists mainly of~011! oriented bcc Fe.

B. Magnetic properties

The magnetic properties of all films were investigated
ing in-situ MOKE. Figure 5 shows the development of th

FIG. 4. Average vertical interlayer distancesa' extracted from
the kinematic peak sequences in the I~E! curves of Fig. 3. The value
of a' that was measured for the Cu90Au10(001) substrate is high
lighted by the dotted horizontal line. The inset shows representa
examples of the kinematic analysis of the peak sequences of F
Energy positions of these peaks are plotted vs the square o
corresponding scattering ordern for three Fe thicknesses of 3, 7
and 30 ML, representative of the three different structural regi
seen in Fig. 3 and labeled I, II, and III.
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MOKE loops in polar geometry for 1.0, 1.6, and 1.8 ML F
films at 150 K. A significant MOKE signal was first detecte
for a thickness of 1 ML, with the intensity linearly propo
tional to the applied magnetic field. The lacking of hystere
indicates that the ferromagnetic phase is not yet develope
that temperature. The magnetization curve hints towards
presence of superparamagnetism. Increasing the Fe thick
up to 1.6 or 1.8 ML, the loops in Fig. 5 clearly show hyste
esis, demonstrating the onset of ferromagnetism. For fi
less than 2 ML, the strong polar Kerr signal indicates an e
direction of the magnetization perpendicular to the fi
plane.

Figure 6 shows longitudinal MOKE curves for 1.0, 1.
3.3, 5.1, 8.1, and 16 ML Fe films. For 1 ML the longitudin
MOKE intensity is linearly proportional to the applied ma
netic field. Between'1.5 and 2 ML the Fe films can be
saturated in both the longitudinal and polar geometry
fields of 200 Oe. The curve for 1.6 ML in Fig. 5 shows a
in-plane magnetic signal without hysteresis, indicative fo
hard axis of magnetization. For Fe thicknesses of 3.3
and higher the MOKE curves show that the easy axis
magnetization is in-plane. For ultrathin ferromagnetic film
the Kerr effect initially depends linearly on the thickness
the magnetization is thickness-independent.28 But in Fig. 6,
the Kerr signal of the saturation magnetization is about
same for 3.3, 5.1, and 8.1 ML. At 16 ML it is more than fo
times higher than at 8.1 ML. The detailed thickness dep
dence of the longitudinal saturation Kerr intensity is plott
in Fig. 7. The MOKE intensity increases sharply with thic
ness in the range of 1.6–3.3 ML, just after the onset of f
romagnetism. Extrapolation of those points towards z
yields an ordinate intersection close to zero, which me
that there is no significant amount of magnetically dead l

e
3.
he

s

FIG. 5. Polar MOKE loops for Fe/Cu90Au10(001) films with Fe
thicknesses of 1.0, 1.6, and 1.8 ML at 150 K.
1-4
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STRUCTURAL AND MAGNETIC PROPERTIES OF Fe . . . PHYSICAL REVIEW B 63 024401
ers between the interface of the Fe film and t
Cu90Au10(001) substrate. The Kerr intensity increases l
early with Fe thickness up to 3.3 ML, which is related to t
growth of a homogeneous ferromagnetic film in phase
Above 3.3 ML the Kerr intensity decreases, following t
structural phase transition from the expanded to the c
pressed fct-Fe film. The reduction of the Kerr intensity is d
to the presence of either paramagnetic or antiferromagn
Fe in that phase. The Kerr intensity is almost constant in
second phase~II !. At an Fe thickness of 10 ML, where th
bcc~011! oriented Fe appears, the Kerr intensity increa
again rapidly. This can be understood by the dominat
contribution of ferromagnetic bcc-Fe to the magnetization

FIG. 6. Longitudinal MOKE loops for Fe/Cu90Au10(001) films
with Fe thicknesses of 1.0, 1.6, 3.3, 5.1, 8.1, and 16 ML at 150

FIG. 7. Thickness dependence of the longitudinal MOKE inte
sity. The three structurally different thickness regions are indica
and labeled I, II, and III.
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IV. DISCUSSION AND CONCLUSION

We observed three structurally and magnetically differ
phases in Fe/Cu90Au10(001). Up to 4 ML Fe thickness fer
romagnetism and high atomic interlayer distances in an
like structure are observed~phase I!. A second phase~II ! can
be identified between'4 and 10 ML Fe thickness. It is
partly nonferromagnetic. The structure is also fcc-like, w
lower interlayer distances. At Fe thicknesses above 10
phase III, a ferromagnetic phase with bcc~011! structure is
found. The presence of these three phases
Fe/Cu90Au10(001) qualitatively resembles the respecti
phases found in Fe/Cu~001! at very similar thicknesses. Th
1.4% larger lattice constant of Cu90Au10 compared to Cu
seems to have no strong influence on the structural and m
netic properties of the Fe films. On the other hand,
Fe/Cu3Au(001), only phase I was found in a similar thick
ness interval, followed by an immediate conversion of the
films to ~001! oriented bcc-Fe.14,18

As mentioned in Sec. III A, the observed superstructure
the LEED image of the clean sample@Fig. 1~a!# could be an
indication for Au enrichment at the surface. The measu
vertical interlayer distance, however, is only slightly larg
~within the systematic error of the method! than expected for
bulk Cu90Au10, and clearly different from the values ob
tained for Cu or Cu3Au. We conclude thus that no significan
deviation of the surface lattice constant from the bulk occu

Interesting is a comparison of the vertical interlayer d
tances of phase I in the three systems, whereas the inter
spacing at small Fe thicknesses in Fe/Cu~001! was deter-
mined by a full-dynamical LEED analysis as varying b
tween 1.85 and 1.90 Å,7 in Fe/Cu90Au10(001) we find even
higher values ranging between 1.90 and 1.96 Å.
Fe/Cu3Au(001) very similar values of 1.90–1.94 Å wer
found.18 This might be puzzling in view of an elastic stra
picture, since it is then expected that the larger lateral lat
distances of Cu90Au10(001) or Cu3Au(001) would lead to a
reduction of the vertical lattice distance of Fe. One has
consider the possibility that in the purely kinematic LEE
analysis of the present data and of Ref. 18 a certain syst
atic error might be present. A previous kinematic LEE
analysis of Fe/Cu~001! ~Ref. 20! resulted in values of the
average Fe interlayer spacing that were systematically hig
by 0.01–0.03 Å than the corresponding values of a fu
dynamical tensor LEED study.7,8 Considering further thea'

value we find for the clean substrate, and keeping in m
that no superstructure indicating a vertical buckling of the
films was observed, we think thata' is systematically over-
estimated by not more than 1.5%.

A possible explanation of this behavior ofa' could be a
noncubic, i.e., tetragonal ground state of fcc-like Fe, as s
gested by Marcuset al.29 Another point that we have to con
sider in this context is that we cannot rule out completel
nonpseudomorphic reduced lateral lattice spacing of the
films. In any case we can conclude that the rather large
tice spacing of 1.90 Å or higher of ferromagnetic~‘‘high
spin’’! fcc-like Fe does not result from lateral tensile stra
from the substrate.

The formation of nonferromagnetic fcc-like Fe@phase II

.

-
d
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in Fe/Cu90Au10(001) and Fe/Cu~001!# seems to be sup
pressed above a certain critical substrate lattice param
which must be in between the one of Cu90Au10 and the one
of Cu3Au, i.e., between 3.66 and 3.75 Å. Also, in phase I
close similarity of the vertical interlayer distances
Fe/Cu90Au10(001) (1.76 Å) and Fe/Cu~001! ~between 1.76
and 1.78 Å8! can be stated. The same discussion as be
holds for that phase. Experimental evidence for a nonpseu
morphic in-plane lattice match of Fe on Cu~001! in that
phase has already been claimed by Mu¨ller et al.8

Another point is the origin of the perpendicular anisotro
in the fcc-like Fe films. The critical thicknesstc,2.0 ML
for the spin-reorientation transition from perpendicular to
plane magnetization in our system is less than the one
Fe/Cu~001! and Fe/Cu3Au(001), wheretc is 11 and 3.5 ML,
respectively.9,14 Commonly, the magnetocrystalline surfac
anisotropy, which is assumed to be responsible for the e
tence of the perpendicular magnetization in ultrathin
films, is due to the broken symmetry of the crystalline stru
ture at the surface and at the interface, and is conseque
very sensitive to the quality of the surface or interface.
poor crystalline structure with dislocations and defects at
surface~interface! could obscure the symmetry character
the surface, and consequently may drastically reduce
magnetocrystalline perpendicular surface anisotropy. Ho
ever, also other sources of the perpendicular magnetiza
than the magnetocrystalline surface anisotropy have b
discussed. Fowleret al. have reported that for Fe/Cu~001!
also a perpendicular volume anisotropy is found to hav
crucial contribution to the resulting out-of-plane easy axis30

This perpendicular volume anisotropy is assumed, accord
to Ref. 30, to be caused by the lattice distortion~expansion!
normal to the film surface. Nevertheless, an estimate of
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perpendicular volume anisotropy within a magnetoelas
model gives a value one order of magnitude smaller than
measured one.30 It has been observed, however, that in ultr
thin films the magnetoelastic constants can be very differ
from the corresponding bulk values.31 In the absence of a
direct measurement of the magnetic anisotropy constant
fcc-like Fe/Cu90Au10(001), we cannot quantitatively confirm
the presence of such a perpendicular volume anisotro
which should, in principle, also exist in our system due to
lattice expansion along the sample normal.

In conclusion, the structural and magnetic properties of
films, epitaxially grown on Cu90Au10(001), were investi-
gated by using MEED, LEEDI (E), and MOKE measure-
ments. Varying the Fe thickness between 1 and 30 ML, th
different structural phases were observed. For small Fe th
nesses below 4 ML the Fe films exist in a tetragonally e
panded fcc-like phase. With increasing Fe thickness, a
ragonally compressed fcc-like structure occurs. At
thicknesses above 10 ML, the films exhibit an fcc–bcc str
tural transition. Three distinct magnetic phases associate
the structural phases of the Fe films have been identified:
expanded fcc-like films and the bcc films are ferromagne
with comparable moments, while the compressed fcc-l
films show a lower net magnetic moment. Furthermore
spin-reorientation transition of the magnetic easy axis fr
out-of-plane to in-plane has been found for the fct films
about 2 ML Fe thickness.
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