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Structural transformation and spin-reorientation transition
in epitaxial Fe/Cu3Au„100… ultrathin films

M.-T. Lin,* J. Shen, W. Kuch, H. Jenniches, M. Klaua, C. M. Schneider, and J. Kirschner
Max-Planck-Institut fu¨r Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

~Received 5 August 1996!

The magnetic properties, morphology, and crystallographic structure are studied for Fe films on
Cu3Au~100! grown at room and low temperature, usingin situmagneto-optical Kerr effect, scanning tunneling
microscopy, and electron diffraction techniques. AtT5160 K a spin-reorientation transition from perpendicu-
lar to in-plane magnetization occurs in films with Fe coverages starting from a critical thickness of 3.5 and 5.5
ML for room-temperature and low-temperature growth, respectively. Close to the critical thickness we observe
an fcc-bcc structural transformation. The spin-reorientation transition is shown to be correlated to this struc-
tural change. This correlation may be explained by a drastic reduction of the perpendicular anisotropy induced
by the fcc-bcc structural transformation.@S0163-1829~97!00809-6#
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I. INTRODUCTION

Magnetic ultrathin films represent model systems to stu
the unique magnetic properties due to reduced symmetry
dimension. In particular systems, for examp
Fe/Cu~100!,1–3 Fe/Ag~100!,4–7 and Co/Au~111!,8,9 the bro-
ken symmetry at the surface and the interface gives rise
large magnetocrystalline surface anisotropyEMSA .

10 EMSA
may overcome the in-plane anisotropy in the low covera
range, leading to a perpendicular magnetization with resp
to the film surface. The perpendicular magnetization is of
associated with a magnetic instability due to various comp
ing influences: the magnetization switches from the perp
dicular to the in-plane direction, as the in-plane anisotro
compensates the perpendicular anisotropy at a higher co
age ~above a critical thicknesstc). This phenomenon is re
ferred to as spin-reorientation transition. In a simple pictu
only two dominating terms,EMSA and the shape anisotrop
(Eshape) contribute to the anisotropy energyE ~per unit vol-
ume! of the system.E describes the energy difference b
tween normal and in-plane direction of magnetization w
respect to the film surface:10

E5Keffsin
2u5~2KMSA /t1Kshape!sin

2u ~1!
with

Kshape52
1

2
m0Ms .

Here,Keff is the effective anisotropy~energy per unit vol-
ume! of the system,KMSA ~energy per unit area!, and
Kshape~energy per unit volume! denote the constants descri
ing the surface and the shape anisotropy, respectively,u is
the angle between the magnetization direction and the
normal, Ms is the saturation magnetization, an
m05431027 VsA21 m21. The factor 2 takes contribution
from two interfaces of the film into account, assuming bo
interfaces to be equal. According to Eq.~1!, the critical
thicknesstc for the spin reorientation transition, at whic
Keff is equal to zero, is determined to be22KMSA /Kshape.
The spin reorientation transition is thus due to the decrea
influence ofKMSA with film thickness. A sudden flip of the
magnetization direction attc is expected. This simple ap
550163-1829/97/55~9!/5886~12!/$10.00
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proximation, however, is based on the following assum
tions: First, the magnetization is uniform within the film
Second, there are no other anisotropy~e.g., strain-induced
anisotropy! contribution besidesKMSA and Kshape. Third,
higher order anisotropy terms are negligible. Fourth,KMSA

andKshapeare independent of film thickness. Nevertheless
any change of the film structure upon varying thickness
pears and affects anisotropies of the film, the spin reorie
tion transition can no longer be explained by the above
proximation.

The role of higher order terms in the spin reorientati
transition has been addressed by Fritzscheet al.:11 the effec-
tive anisotropyKeff of the system never vanishes totally du
to the existence of higher order terms, often leading to
continuous transition from a perpendicular to an in-plane
rection within a narrow coverage range rather than to a s
den spin flip. Such a narrow coverage range of 0.5–1 ML
been observed, for example, in hcp Co/Au~111! 8 as well as
in Fe/Cu~100!,12,13 and the corresponding higher ord
~fourth order! terms have also been quantitatively determin
for Fe~110! films on Cr~110! as well as for Pd-covered
Co/Pd~111! films in Ref. 11. On the other hand, a change
crystalline structure may cause a more delicate influence
the critical thickness for the spin-reorientation transition th
the effect of higher order anisotropy terms.

For the fcc-like Fe film this situation gives at least tw
interesting aspects regarding the correlation of magnet
and structure: one concerning the dependence of the m
netic phase~a long-range ordered magnetic state! on the
crystalline structure~the lattice parameter!; the other being
the interplay between the spin-reorientation transition and
fcc-bcc structural transformation, which has to occur in
films. The first aspect has been widely investigated for
Fe/Cu~100! system, in which the magnetic phase was sho
to be sensitive to the crystalline structure, depending on
thickness and growth conditions~see, e.g., Refs. 14, 15!. An
fct-fcc structural transformation in Fe/Cu~100! grown at
room temperature~RT! is responsible for the transition from
the ferromagnetic phase to an antiferromagnetic~or a para-
magnetic! phase.14,15 This is due to the dependence of th
5886 © 1997 The American Physical Society
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55 5887STRUCTURAL TRANSFORMATION AND SPIN- . . .
magnetic phase on the lattice parameter.16–19 The shape an-
isotropy of the system stems only from the ferromagnetica
ordered top layers rather than from the whole film, and
contribution is independent of the film thickness. The s
reorientation transition in RT-grown Fe/Cu~100! occurs
therefore at a much higher coverages than for films grow
low temperature~LT!, in which only the ferromagnetic phas
is found.14 So far, this aspect is experimentally and theore
cally reasonably understood. On the contrary, for the sec
aspect a deeper understanding is still lacking up to now.
spin-reorientation transition observed in Fe/Cu~100! films
has been associated with a complicated structural trans
mation for both growth temperatures.14,20 This implies that
the physics of the spin-reorientation transition is far beyo
the simple approximation of competing anisotropies m
tioned above and its possible correlation with the structu
transformation should be taken into account.

Cu3Au~100! has been choosen as an alternative subst
to clarify the dependence of the magnetic phase of fcc-
Fe on the lattice parameter mentioned above. According
theoretical predictions and experimental results fcc-like
reveals a ferromagnetic phase at a lattice constant ofa0 5
3.64 Å ~from theory!16 and an antiferromagnetic phase wi
a0 5 3.59 Å ~from bulk experiment!.17 The lattice constan
a0 5 3.61 Å of Cu lies midway between the values of t
ferromagnetic and antiferromagnetic phases of fcc-Fe. T
suggests an extreme sensitivity of the magnetic phas
Fe/Cu~100! on the crystallographic structure, which may
affected by different deposition conditions, such as
growth temperature. Cu3Au has a larger lattice constan
~3.75 Å!, as compared to Cu, lying in the range of the fer
magnetic phase of fcc-like Fe. Arguing only on the basis
lattice parameter, one therefore expects that epitaxial
films on Cu3Au~100! should exhibit only the ferromagneti
phase, independent of the growth temperature. Furtherm
it is of general interest to achieve a deeper insight into h
the magnetic anisotropies are modified by the crystal
structure and morphology in a magnetic thin film system
is particularly important with the more stable magnetic ph
expected in Fe/Cu3Au~100!, to investigate in detail the pos
sible influence of, for example, the structural transformat
~fcc-like to bcc-like!, and the surface or interface roughne
on the spin-reorientation transition, and to identify the tr
origin for the spin-reorientation transition.

In this work we report on the spin-reorientation transiti
and structural transformation in Fe/Cu3Au~100! films. We
address the study of the mechanisms leading to the s
reorientation transition of fcc-like Fe films, based on resu
of structural and morphological studies and on magnetic d
for different growth temperatures. In the Fe/Cu3Au~100! sys-
tem, the spin-reorientation transition is shown to be cor
lated to an fcc-bcc structural transformation.

II. EXPERIMENTAL ASPECTS

All of our experiments were carried outin situ in UHV
chambers. Since the apparatus, the properties of the a
substrate Cu3Au~100! and the sample preparation have
ready been described elsewhere,21 only a brief description of
them will be given here.

The substrate for growing the Fe films was a~100! face of
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a disk-shaped Cu3Au single crystal. Prior to deposition of th
Fe films the Cu3Au~100! crystal was cleaned by 1.5 keV
Ar 1 ion bombardment, annealed to 900 K for 2 min a
finally tempered at 600 K for 30 min to restore the chemi
ordering of the alloy substrate@Cu3Au~100! exhibits a
chemical order/disorder transition at' 660 K ~Ref. 22!#.
The degree of ordering was checked with low-energy el
tron diffraction and the diffraction pattern showed a cle
and sharpc(232) superstructure after the final annealin
procedure.

Fe films were deposited from an Fe wire of high pur
~99.99%! heated by electron bombardment. After proper o
gassing of the wire, mainly from nitrogen, the pressure d
ing evaporation could be kept below 531028 Pa at evapo-
ration rates of several monolayers per min. Fe films w
grown at two different temperatures, 300 K~referred to as
RT growth! and 160 K~LT growth!. The growth temperature
was carefully controlled by cooling the manipulator with liq
uid nitrogen while reproducibly heating the sample up to
desired temperature within a range of6 5 K. The deposition
rate was' 1 ML per min. After deposition at low tempera
ture ~LT growth! the films were briefly annealed at 300 K

The magnetic properties of the films were studied
magneto-optical Kerr effect~MOKE!, carried outin situ in a
UHV chamber equipped with facilities for MOKE, Auge
electron spectroscopy~AES! and low-energy electron dif-
fraction ~LEED!. The AES system was mounted face-to-fa
with the LEED system, so that the diffracted electron be
could be displayed on the fluorescent screen. This perm
measurement of medium energy electron diffracti
~MEED! by recording the specular beam intensity to moni
the growth of the films. The Fe thickness was determined
MEED and AES~see Ref. 21!. For the MOKE measurement
two He-Ne lasers with photoelastic modulators and one li
detector were employed. The lasers and the detector ar
ranged in such a way that both the perpendicular and
in-plane Kerr signal can be measured by just rotating
sample around its vertical axis without any rearrangemen
the optical elements. Such a arrangement allows a relia
measurement of the spin-reorientation transition, wh
needs a quasi-simultaneous uptake of both the perpendic
and the in-plane Kerr signal. LEED was used for the str
tural investigation of the films. As shown in Sec. III, th
information on the crystalline structure was, based on a
nematic analysis, extracted from the LEED-I (E) curves
taken for the~00! diffraction beam. This method has bee
successfully employed for monitoring the vertical interlay
distance at a temperature variation in the Fe/Cu~100!
system.23

The studies of the film morphology were carried outin
situ in another UHV chamber equipped with scanning tu
neling microscope~STM!, AES, and iron evaporators. Fo
RT growth the films could be deposited without removi
the sample from the STM measurement position. With su
a special design, the STM is able to follow the process
film growth in the very same region of the surface. For t
series of STM measurements for LT growth, however,
sample was prepared at 160 K on a manipulator with a co
ing system and transferred into the STM after deposition.
STM images were taken at room temperature in a cons
current mode at a positive or negative sample bias voltag
' 1.0 V and a tunneling current of' 1.0 nA.
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FIG. 1. ~a!: Intensity vs energy dependence of the LEED~00! beam for Cu3Au~100! and RT-grown Fe/Cu3Au~100! at various coverages
Two different periodic peak sequences with weight depending on the thickness are indicated by solid and dashed lines, respect
indices denoted are the integer numbers of the Bragg interference condition.~b!: Same as~a!, but for LT-grown Fe/Cu3Au~100! at various
coverages.
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Before we present the results of STM and LEED-I (E)
measurements, some particularities of the alloy subst
Cu3Au~100! should be briefly mentioned. Seen along t
@100# direction of a well ordered Cu3Au crystal there are two
possible surface terminations: a pure Cu surface and a
rich surface with 50% gold concentration. A previous ST
and low-energy ion scattering experiment indicated that
topmost layer of a well ordered Cu3Au~100! is only the Au-
rich surface and correspondingly terraces should be s
rated by bilayer steps.24 In order to get a good chemical orde
the authors of Ref. 24 performed an extensive annealing
cess of 10 h at 500 K. The analysis of the STM images of
Cu3Au~100! crystal used in this work shows, however, th
both bilayer and monolayer steps were always present for
cases of up to 6 h annealing at 600 K. Moreover, there is
longer a distinct improvement of the chemical order and
surface configuration already after 30 min annealing at
K.25We thus have choosen 30 min annealing at 600 K as
preparation procedure prior to the Fe deposition.

III. fcc-bcc STRUCTURAL TRANSFORMATION
IN Fe/Cu3Au„100…

Figures 1~a!–1~b! reproduces the LEED-I (E) curves of
the ~00! diffraction beam from Fe/Cu3Au~100! films for both
growth temperatures. The LEED-I (E) curves reveal two se
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quences of peak maxima with equalAE distances, corre-
sponding to two different structural phases. The numbern
indicate the integer count of the electron wavelengths fulfi
ing the condition of constructive interference, and are rela
to the vertical interlayer distance. The first peak sequen
marked by solid lines, is related to the fcc~100!-like phase in
a pseudomorphic growth on the Cu3Au~100! substrate. Its
intensity, however, decreases with increasing Fe thickn
The second peak sequence, marked by dotted lines, is se
films of >3.4 and>5.5 ML for RT and LT growth, respec
tively. Its intensity increases with Fe thickness. Since so
peaks in the LEED-I (E) curves which are due to multiple
scattering26 may overlap the indicated peaks above, it
sometimes difficult to determine the exact onset of the s
ond peak sequence~dotted lines!. Our method is taking the
ratio of the intensities of the second peak sequence~or the
peak with the same energy position as one of the sec
peak sequence! to the first peak sequence~for example, the
peak around 110 eV to the peak of the first sequence w
index 4 in the case of RT growth and the peak around 3
eV to the peak of the first sequence with index 6 for L
growth!. The onset thickness for the second structural ph
is then such a thickness starting from which the ratio defin
above increases with film thickness. The onset of the sec
peak sequence is thus carefully determined in t
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55 5889STRUCTURAL TRANSFORMATION AND SPIN- . . .
way to be at' 3.5 ML for RT growth and' 5.5 ML for LT
growth. As shown later, this onset thickness obtained h
agrees also well with the one extracted from STM images
which one starts to observe the new structural phase~bcc-
like! on the film surface.

Films at coverages of 3.4–5.8 ML for RT growth an
5.5–6.9 ML for LT growth are characterized by a coexi
ence of these two structural phases. At a coverage of 7.7
11.2 ML for RT and LT growth, respectively, the first pea
sequence is almost invisible and only the second series
be observed.

The vertical interlayer distancea' , corresponding to
these two peak sequences, is extracted within the kinem
approximation, by using the following relation:26

a'~n!5
np\

A2m~Ep1V0!sinu
. ~2!

Here,Ep is the primary energy of the electron,V0 the addi-
tional energy shift due to the average inner potential in
crystal,m electron mass, andu the incident angle with re-
spect to the sample surface.a' is finally determined by a
linear regression of the plota'(n).

In Figs. 2~a! and 2~b! a' is depicted as a function of th
Fe thickness for both growth temperatures. For the cl

FIG. 2. Two different vertical interlayer distancesa' calculated
from the I (E) curves of Fig. 1 are related to fcc-like~full circles!
and bcc-like Fe~open circles!, respectively. The values of the ve
tical interlayer distance of the Cu3Au~100! substrate and
bcc~100!-Fe bulk are indicated by horizontal lines. Note that f
both growth temperatures a superposition of the fcc- and bcc-
phases was found.
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substrate we obtaina'5(1.8960.02) Å which is only
slightly larger than the literature value of 1.875 Å.27 In the
case of RT growth@Fig. 2~a!#, the value ofa' from the first
peak sequence does not change for films up to 2.0 ML,
dicating a registry of the film with the substrate, i.e., an fc
like continuation. At higher coverages~2.9–5.8 ML! a' in-
creases with the film thickness.a' has a value of
approximately 2.0 Å at 5.8 ML, but only with a very wea
peak intensity. This indicates the disappearance of the
like phase at high coverages within the limited probing de
of LEED ('2–3 ML!, yet does not exclude the presence
an fcc-like structure in deeper layers.

As mentioned above, the second sequence starts at a
erage of' 3.4 ML for RT growth. The corresponding valu
of a' is about 1.6 Å at coverages of 3.4 and 4.1 ML, th
decreases with Fe thickness, reaching a value of appr
mately 1.5 Å at higher coverages of 7.7 and 11.5 ML@not
shown in Fig. 1~a!#. As shown in Fig. 1~a!, the corresponding
energy peaks in the LEED-I (E) curves become predominan
with increasing thickness. All of the values ofa' of the
second peak sequence are close to the interlayer distan
~100! oriented bcc-like Fe (a' 5 1.43 Å! rather than to that
of a Fe bcc~110!-like structure (a' 5 2.02 Å!.

For LT growtha' is displayed in Fig. 2~b! as a function
of thickness. Similar to the observation in RT-grown Fe
u3Au~100!, one finds two structural phases corresponding
two different interlayer distances.a' extracted from the first
peak sequence has the same value for coverages up to' 2
ML and increases with increasing thickness reaching a va
of (1.9860.02) Å at 5.5 ML. The value of the correspondin
a' of the second peak sequence, which becomes distin
observable at a coverage of6 5.5 ML, is (1.5860.02) Å.
This value is again much smaller than the value
bcc~110!-like Fe ~2.02 Å! and much closer to that of a
bcc~100!-like Fe~1.43 Å!. a' reaches a value of' 1.50 Å at
11.5 ML. Moreover, the LEED patterns~not shown here!
at these coverages show only ap(131) symmetry, differ-
ent from those for bcc~110!-Fe found in Fe/Cu~100! ~see,
e.g., Refs. 14, 20, 28!. This also implies that the secon
structural phase found at higher coverages has the low-in
plane such as~100! orientated surface. Thus, we tend to co
clude that for both growth temperatures, the fcc-like
transforms into a bcc-like phase with a~100! orientation,
being different from the~110! orientation found in the
Fe/Cu~100! system.14,28

The finding of an expanded vertical interlayer distance
the fcc-like region for both growth temperatures someh
contradicts to the usual assumption that, in pseudomorp
films with an expanded in-plane lattice, the perpendicu
lattice parameter should be contracted. In order to keep
atomic volume constant within electrostatic models, this c
traction is determined by the Poisson ratio.29 This belief,
however, becomes more questionable when taking the c
plicated correlation of the lattice parameter~or lattice distor-
tion! and magnetic moment as well as the magnetic phas
fcc-like Fe into account. Various ferromagnetic metasta
fct states, which are connected to different values of the
tice parameter orc/a, are possible.30,31 Bulk calculations
have shown that the magnetic moment increases with
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5890 55M.-T. LIN et al.
creasing lattice constant.16,18,30,32 By using site-specific
Mössbauer spectroscopy, D. J. Keavneyet al.19 have ob-
served that the average moment of fcc-like Fe films, wh
were deposited on Cu12xAux~100! with varying lattice con-
stanta0, increases witha0. Unfortunately these authors d
not comment on whether or not the corresponding vert
interlayer distance in these films is contracted.

Another interesting finding is the coexistence of both fc
and bcc-like structural peaks in the LEED-I (E) spectra.
Moreover, the intensity of the fcc~bcc!-related peak sequenc
decreases~increases! with film thickness. In order to obtain
more detailed information on the behavior of the fcc-b
transformation we performed STM measurements in
thickness range. Figures 3~a!–3~c! show the STM images fo
3.0, 3.5, and 4.9 ML RT-grown Fe/Cu3Au~100!, respec-
tively. At a coverage of 3.0 ML, the first and second lay
~the darkest part on each terrace! are almost completely filled
~more than 95 and 90% layer filling for the first and seco
layer, respectively!. What one can see in this image is mos
the surface of the third and the fourth layer~the second
brightest and the brightest part in each terrace!. The third
layer is also nearly completed~82% layer filling!. There are
already many islands of the fourth layer with 31% layer fi
ing. Note that the islands reveal a regular shape. The
scan gives a height of the Fe layer of (1.960.2) Å ~not
shown here!. This value corresponds to the vertical interlay
spacing of the substrate, indicating an fcc-like structure
the Fe layers.

On a thicker film of 3.5 ML@Fig. 3~b!# some small irregu-
lar patches on the topmost islands start to show up. The
scan profile in Fig. 3~d! shows two typical heights
(1.960.2) and (0.560.2) Å. The former corresponds to th
height of fcc-like Fe layers, as observed at lower coverag
The latter indicates the presence of a certain distorted st
ture, possibly related to a dislocation or a buckling of the

FIG. 3. STM images of~a! 3.0 ML, ~b! 3.5 ML, and~c! 4.9 ML
Fe films on Cu3Au~100! for RT growth; ~d! the height profile plot
along the line indicated in~b!. The gray scale is used for the imag
~a! and~b! to indicate the corresponding layer on the middle terra
Two values of step heights are shown in~d!: 1.9 Å for the regular
island and the irregular height of 0.5 Å.
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film. This fractional height of 0.5 Å makes it impossible
determine the crystallographic structure of the ‘‘irregula
Fe patches from a single line scan. Nevertheless, as wil
shown in Figs. 4 and 5, by taking a histogram of the hei
distribution in the vicinity of these irregular Fe patches, o
can obtain further structural information. It is legitimat
however, to infer that these irregular Fe patches are relate
some kind of fcc-bcc transformation.

Increasing the Fe thickness further, the fractional hei
Fe patches become larger and more numerous and re
more irregular shapes, in contrast to Fe islands at low c
erages. On the 4.9 ML film Fig. 3~c!, the irregular Fe patche
dominate the surface so that the surface becomes rou
than that at 3–4 ML. Most of the regular islands are no
covered by irregular Fe patches and only few of them rem
visible in the STM image of 4.9 ML.

Measuring the height or the interlayer spacing of ste
between Fe layers or islands from STM images, allow
determination of the structural phase of the topmost la
~fcc- or bcc-like!. For this purpose, we take a histogram
the height distribution within a selected area and measure
distance between neighboring peaks in the histogram. Fig
4 shows the height distribution of two areas denoted A a
B, as indicated by white rectangles in the STM image of
ML Fe/Cu3Au~100!, which is a magnification of Fig. 3~b!.
The area A includes an irregular Fe patch~white gray! and
regular Fe layers~gray and black!. The histogram of the
height distribution taken over the area A indicates two d

.

FIG. 4. Left: enlargement of Fig. 3~b! @3.5 ML RT-grown
Fe/Cu3Au~100!#. Right: height distributions of two areas denoted
and B, as indicated by white rectangles. Note that the line s
shown in Fig. 3~d! lies in the region indicated by A.

FIG. 5. STM image of LT-grown 6.2 ML Fe/Cu3Au~100! ~left
side! and height distributions~right side! of two areas denoted A
and B, as indicated by white rectangles in the STM image.
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55 5891STRUCTURAL TRANSFORMATION AND SPIN- . . .
ferent layer distances: 1.9 and 1.5 Å. The former is, as in
cated in the line scan of Fig. 3~d!, the value corresponding t
the fcc-like layers. The latter can be identified with the
terlayer distance of~100!-oriented bcc-like Fe. For compar
son, area B is chosen across the edge of a bilayer step.
layer distance between the regular Fe layers located on
upper and the lower terrace is shown to be 3.8 Å, be
consistent with the height of a bilayer step on t
Cu3Au~100! surface. All the height distributions taken
higher coverages~4.0 and 4.9 ML! show the layer height o
the irregular patches to be 1.5–1.6 Å. This confirms
speculation made above that the irregular Fe patches m
the onset of an fcc-bcc structural transformation, and in
cates furthermore that the irregular Fe patches have a
like structure with ~100! orientation. Since the irregula
patches are only found in Fe films thicker than 3.5 ML, it c
be concluded that an fcc~100!-bcc~100! transition starts be-
ginning at' 3.5 ML with some small irregular patches~bcc-
like Fe patches! on the topmost regular Fe layers~fcc-like
Fe!. These results agree very well with those obtained fr
our LEED-I (E) curves. Moreover, with increasing film
thickness, the irregular Fe layers become predominant a
film surface, as seen in the 4.9 ML Fe film@Fig. 3~c!#. Note
that the fcc-like Fe layers which are not yet covered by b
like Fe layers still retain their regular island form and lay
height, without any distinct indication of changes in mo
phology or structure. These results suggest that~i! the bcc-
like Fe grows on the topmost fcc-like layers with increasi
Fe thickness and~ii ! the fcc-like underlayers seem to co
serve their fcc-like structure at least up to a certain thickne

For the case of LT growth, Fig. 5 shows the STM ima
of a 6.2 ML film and the height distribution of two selecte
areas. The film at 6.2 ML shows an astonishing surface m
phology. The almost completely closed layer is the si
layer, where only some opening to the lower layers can
seen. The bright spots are islands of the seventh layer.
spite its appearance in Fig. 5, the surface of the sixth laye
not as smooth as what is usually found in a good layer-
layer growth. On a smaller scale~not shown here!, we see a
networklike fine structure with small nearly square mes
on the closed film, which may be attributed to some verti
buckling of atoms. The mismatch-strain in this almost-clos
film could be accommodated by building up such a netwo
like fine structure. The reason for the appearance of
almost-closed film at LT growth and the origin of the ne
worklike fine structure will be described in more detail in o
forthcoming paper.25 Here we will focus our attention on th
aspect of the fcc-bcc structural transformation. The rig
hand panel in Fig. 5 shows the height distribution taken
two different areas denoted A and B, and indicated by
white rectangles in the STM image at the left hand panel.
area B, a value of the interlayer height of 1.9 Å is obtain
which is consistent with the registry of the fcc structure
the substrate. The height distribution of area A gives an
land height with respect to the almost closed layer of ab
1.6 Å. This value is significantly out of registry with the F
fcc~100!-like structure and consistent with the interlayer d
tance of the bcc-like phase of Fe oriented with the~100!
plane parallel to the substrate surface. The islands are
expected to be bcc-like phase. This finding agrees very w
with the results of the LEED-I (E) studies shown above.
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Combining the findings of STM and LEED, one can co
clude that—starting from a coverage of' 3.5 ML for RT
growth and' 5.5 ML for LT growth—the bcc-like Fe
patches with an irregular shape grow on top of the fcc-l
islands~or layers! and progressively cover the surface of t
as-grown fcc-like underlayers. Both LEED and STM da
show that the bcc-like Fe has a~100! orientation, being dif-
ferent from the~110! orientation found in Fe/Cu~100!. The
coexistence of the fcc- and bcc-like phases in LEED d
indicates that the as-grown fcc-like Fe underlayers or part
them still retain their structure at least up to a higher cov
age. The absence of an fcc-related peak sequence in LE
I (E) curves at higher coverages should thus be mainly
tributed to the intensity attenuation of the diffracted electr
beam through the bcc-like overlayers due to its small prob
depth. A pronounced structural transformation proceeding
the fcc-like underlayers like the martensitic transformati
found in RT-grown Fe/Cu~100!33,34 seems not to take plac
in the present case.

IV. SPIN-REORIENTATION TRANSITION

Figure 6 compiles hysteresis loops of RT grown films
Cu3Au~100! taken at 160 K in both polar and longitudina
geometries for various Fe coverages. The shape of the
teresis loops clearly reveals a strong dependence on
thickness. In the case of RT growth@Fig. 6~a!#, the distinct
ferromagnetic response is found only in films with coverag
starting from 2.1 ML in the polar geometry. Below this co
erage no ferromagnetic response is found, indicating the
sence of a long-range ferromagnetic order at 160 K. T
remanence at 2.1 ML is still very small, but already becom
more evident at a higher coverage of 2.2 ML. An almo
rectangular loop is observed at higher coverages from
and 3 ML, indicating an easy direction of the magnetizati
perpendicular to the film plane and a clear presence of
perpendicular anisotropy. Above 3 ML the shape of loo
reveals a pronounced change, developing a sheared ‘‘h
glass’’ shape up to about 3.5 ML. Since the in-plane com
nent of the Kerr signal is still zero up to this coverages, t
development of the loop shape would be related to the
mation of domains rather than to a sizable rotation of
magnetization.21 The spin-reorientation transition shows u
at coverages above 3.5 ML with a strong reduction of
remanence in the perpendicular component and increas
the in-plane component. The polar magnetic response ta
more and more the form of a hard axis loop, and pronoun
rectangular loops in the in-plane component, starting fr
3.8 ML, appear with increasing remanence signal and co
cive field with coverage up to 7.3 ML.

The hysteresis loops of LT grown Fe films o
Cu3Au~100! are shown in Fig. 6~b!. Similar to those in the
case of RT growth, the compilation shows also a stro
variation of the hysteresis loops with coverage. Differe
from the case of RT growth, however, one finds a sm
ferromagnetic response in the polar geometry already
coverage of 1.1 and 1.3 ML. At a coverage of 1.9 ML
almost rectangular loop with slightly rounded edges and
clined slope is observed. This hysteresis loop is character
by a large remanence, indicating an easy axis of magne
tion perpendicular to the film surface. Such a hysteresis l
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5892 55M.-T. LIN et al.
is found in all films with coverages between 1.9 and 5.5 M
The hysteresis loop at a coverage of 5.5 ML reveals a la
slope. At a coverage of 5.6 ML, the hysteresis loop und
goes a pronounced change, having a strongly sheared ‘‘h
glass’’ shape as found in RT-grown films. Films thicker th
5.6 ML show no perpendicular ferromagnetic response.

Parallel to the decrease of the perpendicular remanen
coverages between 5.5 and 5.8 ML for LT-grown films, t
longitudinal Kerr signal indicates an onset of the in-pla
remanence. The coercive field at 5.6 ML is still too high f
the in-plane magnetization to be forced into the film surfa
showing only a weak variation with the applied field. A rec
angular loop is found at a coverage of 5.8 ML, correspo
ing to an in-plane easy axis of magnetization. Both the

FIG. 6. Compilations of hysteresis loops in the polar~left panel!
and longitudinal~right panel! Kerr effect for Fe/Cu3Au~100! of
various coverages grown at~a! 300 K ~RT! and~b! 160 K ~LT!, and
annealed to 300 K. The measuring temperature is 160 K.
.
e
r-
ur-

at

e

,

-
-

plane remanence Kerr signal and coercive field increase
the Fe thickness up to 11.5 ML. Similar to those findings
the case of RT growth, the system exhibits also a continu
change of the magnetization direction rather than a sud
flip at a certain coverage. Note that the onset coverage of
spin reorientation transition for the LT grown films has
larger value (' 5.5 ML! than the one~only ' 3.5 ML! in
the case of RT growth.

Figure 7 summarizes the results of the structural inve
gation, which has been shown in the last section, and
remanence Kerr signal extracted from hysteresis lo
shown in Fig. 6 of Fe/Cu3Au~100! films in different thick-

FIG. 7. Overview of the correlation of the spin-reorientatio
transition and the structural transformation in Fe/Cu3Au~100! for
both growth temperatures. The magnetic parts show thickness
pendence of the perpendicular~solid squares! and in-plane~open
squares! remanence Kerr signal measured at 160 K.~Solid lines
serve as a guide to the eye only.! The spin-reorientation transition i
observed at about 3.5 and 5.5 ML for RT and LT growth, resp
tively. The dashed lines denote the onset of the growth of the b
like phase at the film surface, but the fcc-like underlayers main
their structure at least up to a certain higher coverage. Note tha
onset thickness of the fcc-bcc structural transformation coinci
with the critical thickness for the spin-reorientation transition.
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55 5893STRUCTURAL TRANSFORMATION AND SPIN- . . .
ness regimes for both growth temperatures. We first conc
trate our attention on the magnetic part of Fig. 7. Both
perpendicular and the in-plane remanence Kerr signals m
sured at 160 K are plotted as a function of the Fe thickne
giving a more quantitative information than the hystere
loops in Fig. 6. From Fig. 7 the thickness range for the pr
ence of a perpendicular remanence at 160 K is determine
be between 2.1 and 3.5 ML for RT growth and between
and 5.5 ML for LT growth. The perpendicular remanen
Kerr signal increases linearly with the thickness from 2.5
3.5 ML and from 1.9 to 5.5 ML for RT and LT growth
respectively, indicating the presence of a ferromagnetic o
in the whole film. This behavior is found in both RT and L
growth. As mentioned in the introduction, this is because
u3Au~100! may—independent of the growth temperature
only stabilize ferromagnetic fcc-like Fe films due to its e
hanced lattice constant. Our result agrees well with theor
cal predictions.16,18 Obviously Cu3Au~100! provides a more
stable environment in the sense of the magnetic phase fo
study of the relation of the fcc-bcc structural transformat
and the spin-reorientation transition, as compared to the
Cu~100! system.

Above 3.5 ML for RT and 5.5 ML for LT growth the
perpendicular remanence Kerr signal decreases abrupt
zero within a narrow coverage range of' 0.5 ML. At the
same thickness the onset of an in-plane remanence Kerr
nal is observed. This indicates a continuous sp
reorientation transition from a perpendicular to an in-pla
direction. Accordingly, the critical thicknesstc for the spin
reorientation transition at 160 K is found to be' 3.5 and 5.5
ML for RT and LT growth, respectively. As indicated abov
tc strongly depends on the growth temperature. About 2
difference intc between RT- and LT-grown films is clearl
visible by comparing Figs. 7~a! and 7~b!.

V. DISCUSSION: CORRELATION OF SPIN
REORIENTATION AND fcc-bcc STRUCTURAL

TRANSFORMATION

In the following, based on our above experimental da
we will concentrate our discussion on the aspect of a co
lation between the fcc-bcc structural and spin-reorienta
transition. Figure 7 gives a overview of the relation betwe
magnetism and structure for both RT and LT grown Fe
u3Au~100!. We see immediately that for both growth tem
peratures the spin-reorientation transition coincides with
onset of the fcc-bcc structural transformation. As mention
above, the critical thicknesstc for the spin-reorientation tran
sition in Fe/Cu3Au~100! is around 3.5 and 5.5 ML for RT
and LT-growth, respectively. Films thinner than the critic
thickness have a perpendicular easy axis and reveal an
like structure. As shown by our STM and LEED investig
tions, the onset of an fcc~100!- bcc~100! structural transfor-
mation is found at the same thickness as the critical thickn
tc for the spin-reorientation transition. Based on this coin
dence, one intuitively tends to correlate these two in b
RT- and LT-grown films. Nevertheless, to achieve a dee
insight into the origins of this correlation, further conside
ations beyond a simple phenomenological comparison
still necessary. Thus, we discuss our findings from differ
physical points of view and arrange it as follows: In Sec. V
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we consider the influence of the structural defects on
perpendicular anisotropy through the fcc-bcc structural tra
formation. The contribution of the growing bcc~100!-like Fe
to the total anisotropy will also be discussed. Besides
effects, which are associated with the fcc-bcc structu
transformation, we consider in Sec. VB the influence
strain, surface roughness, and interdiffusion in fcc-like
films on Cu3Au~100! on the magnetic anisotropy. In Se
VC we examine the possibility for existence of a spi
reorientation-induced structural transformation, an appro
opposite to that in Sec. VA.

A. Effects of the fcc-bcc structural transformation
and the growing bcc„100…-like Fe
on the perpendicular anisotropy

According to the MEED oscillations during the F
evaporation21 and the STM images shown above~or more
details in Ref. 25!, the as-grown bcc~100! Fe films on
Cu3Au~100! are always accompanied by a relatively rou
surface morphology. This morphology is connected to
large amount of dislocations and defects. As mention
above, the magnetocrystalline surface anisotropy, which
assumed to be responsible for the existence of the per
dicular magnetization in Fe/Cu3Au~100! and Fe/Cu~100!, is
due to the broken symmetry of the crystalline structure at
surface and at the interface, and is consequently very se
tive to the quality of the film surface. A poor crystallin
structure with dislocations and defects at the surface co
obscure the symmetry character of the surface, and co
quently may drastically reduce the magnetocrystalline s
face anisotropy or the perpendicular anisotropy in our ca
leading to a spin-reorientation transition. This effect is som
what different from the one induced by the usual surfa
roughness, which will be shown below, according to t
Bruno model46,47 to be negligible in our case. The roughne
effect in the Bruno model is mainly due to the different sym
metry of atoms at step edges, i.e., due to one or sev
neighboring atoms, whereby the local crystalline structure
not affected. On the contrary, the existence of bcc-like
and the large amount of dislocations at the thickness rang
the fcc-bcc structural transformation at the film surface
only enhances the surface roughness in the usual sens
also may drastically modify the crystalline structure and th
the electronic structure of the film surface. Such a p
nounced change in the film surface quality can drastica
reduce the magnetocrystalline surface anisotropy and lea
the spin-reorientation transition.

The magnetocrystalline surface anisotropy, however
not the only source for the perpendicular magnetization
Fe/Cu~100! and Fe/Cu3Au~100!. Recently, D. E. Fowler
et al.35 have reported for the Fe/Cu~100! system in a mea-
surement of effective anisotropy field that, besides the m
netocrystalline surface anisotropy, a perpendicular volu
anisotropy is found to have a crucial contribution to the p
pendicular easy axis. This perpendicular volume anisotr
is assumed, according to Ref. 35, to be caused by the la
distortion ~expansion! normal to the film surface. As the F
film transforms from fct to bcc phase, it is reduced to t
value close to unstrained bulk bcc Fe. Nevertheless, an
mate of this perpendicular volume anisotropy within a ma



ud
t
fo
a
y
ag
a
rte
ed
bc
th
ns
th
io
es
th
ns
ns
ib

ay
f
on
ne
op
b

n
r

ry
e

ul
y.
he
he
tr
-
th
n
e
e
e

o
-

n

-
nt
tic

tc

p

on
l
f

in
r,
to a
tice
th.
ted
rier
s a
ui-
in
ot-

-
sot-
ence

r at

in-

he
o a

tic
ng
ed
on,
ole
on-
ral,
ion
b-
in-

LT

ari-
y of

stic
py
itical
wn
h,

5894 55M.-T. LIN et al.
netoelastic model gives a value one order of magnit
smaller than the measured one.35 In the absence of a direc
measurement of the magnetic anisotropy constant
Fe/Cu3Au~100!, we cannot determine whether or not such
large perpendicular volume anisotropy also exists in our s
tem. Even though, we can still conclude that both the m
netocrystalline surface anisotropy, as usually expected,
the large perpendicular volume anisotropy, as newly repo
in Ref. 35, must be strongly modified by a pronounc
change in crystalline structure and/or in strain as the fcc-
structural transformation occurs. A drastic reduction of
perpendicular anisotropy resulting from the structural tra
formation should therefore be the main link between
spin-reorientation transition and the fcc-bcc transformat
in our system. Accordingly, the different critical thickness
of the spin-reorientation transition may be mainly due to
different critical thicknesses for the fcc-bcc structural tra
formation, which are in turn affected by growth conditio
such as the growth temperature. This is the first poss
explanation for the correlation observed.

The next point to be discussed is the following: How m
the growing bcc~100!-like Fe affect the total anisotropy o
the film system besides the specific influence of dislocati
and defects on the perpendicular anisotropy mentio
above? bcc-like Fe should have its own specific anisotr
contribution. Could it act as an in-plane anisotropy and
strong enough to cause the spin reorientation transition?

bcc~100!-like Fe has previously been stabilized o
Ag~100! for RT growth4,36 and revealed a perpendicula
magnetization in a MOKE study at 200 K up to' 6 ML due
to a strong surface anisotropy.5 In another study of LT-
grown Fe/Ag~100! films by means of low-energy seconda
electron spin polarization the system also shows a perp
dicular magnetization~measured at 125 K! up to' 6 ML.13

This indicates that bcc~100!-like Fe on Ag~100! has a strong
perpendicular anisotropy, which can support a perpendic
magnetization up to' 6 ML against the shape anisotrop
According to this finding, the surface anisotropy of t
bcc~100!-like Fe/vacuum interface may also contribute to t
perpendicular anisotropy, and the intrinsic anisotropy con
bution of a growing bcc~100!-like Fe may thus not be re
sponsible for the spin reorientation transition and for
small value of the critical thickness in RT-grow
Fe/Cu3Au~100! films. This is, however, not necessarily tru
if we take into account the magnetoelastic anisotropy du
misfit strain. Ag has a lattice constant of 4.09 Å and henc
nearest neighboring distance of 2.89 Å on the~100! plane,
which matches closely with that of bcc~100! Fe ~2.86 Å!,
giving a lattice mismatch of only 1%. The nearest-neighb
spacing for Cu3Au~100!, however, is 2.65 Å, giving an en
hanced lattice mismatch of 7.3% for bcc~100!-Fe. In a more
detailed consideration,25 the bcc~100!-like Fe films on
Cu3Au~100! should reveal an incoherent growth, as ma
dislocations or defects are always found in bcc~100!-like Fe
films on Cu3Au~100!.25 The strain~consequently the magne
toelastic anisotropy! in the thickness range of incohere
growth have been shown to be independent of the lat
mismatch, and to be relieved with 1/t (t is thickness! h.37

This seemingly implies that the enhanced lattice misma
between bcc~100! Fe and the Cu3Au~100! substrate is not
responsible for a possibly reduced perpendicular anisotro
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Nevertheless, in a recent study of ultrathin Co films
W~110!, Fritzscheet al.38 have reported that an additiona
constant~volume-type! strain term in the thickness range o
incoherent growth is superimposed on the leading 1/t contri-
bution. This volume-type strain is given by the stra
«(52h) in the coherent growth with a certain prefacto
depending therefore on the lattice mismatch. This leads
dependence of the strain-induced anisotropy on the lat
mismatch even in the thickness range of incoherent grow
This residual volume-type strain contribution is, as sugges
by the authors in Ref. 38, attributed to an energy bar
against the formation of mismatch dislocations, possibly a
typical consequence of the film being an artificial noneq
librium state,39 which is neglected in the Bruno approach
Ref. 40. This finding implies that the strain-induced anis
ropy due to the mismatch of bcc-like Fe on Cu3Au~100! may
be still larger than the one in Fe/Ag~100!. Furthermore,
surface magnetoelastic coupling coefficientsBs which were
recently reported by O’Handley and co-workers41–43 and by
du Trémolet de Lacheisserie,44 give also an additional mag
netoelastic strain contribution to the magnetic surface ani
ropy. Based on the above discussion, though in the abs
of a characterization of strain@e.g., using HR-LEED~Ref.
45!#, the bcc~100!-like Fe found on Cu3Au~100! is certainly
a more complicated case than bcc~100!-like Fe on Ag~100!.
Instead of the perpendicular anisotropy found in Fe/Ag~100!,
the appearance of bcc~100!-like Fe in the Fe/Cu3Au~100!
system may thus also provide an in-plane anisotropy o
least a reduced perpendicular anisotropy.

So far, the discussion about the origin of the sp
reorientation transition in Fe/Cu3Au~100! followed the idea
of a structural transformation-induced mechanism: T
switching of the easy axis of magnetization is attributed t
structural transformation@fcc~100!-like to bcc~100!-like in
our case#, which leads to a drastic change in the magne
anisotropy. According to this idea, the effect of the growi
bcc~100!-like Fe on the magnetic anisotropy, as discuss
above, is responsible for the spin reorientation transiti
rather than the intrinsic magnetic properties of the wh
film. Nevertheless, besides the structural transformati
induced effect, the intrinsic magnetic properties, in gene
may also influence the behavior of the spin-reorientat
transition. For this reason, we will consider in the next su
section some possible intrinsic mechanisms of the sp
reorientation transition in Fe/Cu3Au~100! to see if they play
a crucial role in our case.

B. Influence of strain, surface roughness,
and interdiffusion in fcc-like Fe/Cu3Au„100…

The critical thickness of the RT-grown Fe/Cu3Au~100! is,
as shown above, 3.5 ML and much smaller than that for
growth ~5.5 ML!. A reduction of the critical thickness in
the context of the intrinsic magnetic properties can have v
ous reasons. The first one is the magnetoelastic anisotrop
the fcc-like Fe films on Cu3Au~100! due to the enhanced
strain because of the 4.2% mismatch. The magnetoela
anisotropy may act as an additional in-plane anisotro
besides the shape anisotropy and tends to reduce the cr
thickness. Nevertheless, since both RT- and LT-gro
Fe/Cu3Au~100! films should have the same lattice mismatc
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the difference in the critical thickness between both fil
cannot be easily attributed to a magnetoelastic effect. F
thermore, the critical thickness of LT-grown Fe/Cu~100!
~Ref. 1!, was found to be the same as that of LT-grown Fe
u3Au~100!. This suggests a mismatch-independent intrin
magnetism on both substrates in the case of LT-grown
films. To clarify this ambiguity a systematic investigation
the strain as a function of thickness of Fe films on
u3Au~100! at different growth temperatures accompanied
a comparative study of Fe/Cu~100! still needs to be done.

Other possible sources for affecting magnetic anisotrop
are the effect of surface roughness and/or interdiffusion
the magnetocrystalline anisotropy. The influence of the s
face roughness has been theoretically studied by Bruno,
for the dipolar anisotropy46 and for the magnetocrystallin
surface anisotropy.47 According to the Bruno model, a roug
surface is characterized by two geometrical parame
which can be extracted from STM data: One is the quan
called roughnesss, being defined as the mean square dev
tion from the plane with the averaged thickness, i.e.,
experimentally measured surface topography.s describes
the height deviation from an ideally flat surface with t
average height. The other quantity is the average lateral
j of flat islands on the surface. In the analysis of Bruno,
role of the island shape was assumed to be negligible and
surface was chosen to be composed of square terraces
craters of equal heights and lateral sizej.

Analogously to the in-plane shape anisotropy contribut
due to the dipolar interaction, three-dimensional islands
duce a magnetostatic anisotropy. When the magnetizatio
normal to the film surface, the magnetic charges appearin
the edge of islands give rise to an extra dipolar anisotr
along the direction normal to the surface plane, contribut
to the perpendicular anisotropy. In contrast to the regu
shape anisotropy~demagnetizing field!, which is propor-
tional to the volume, the roughness induced magnetic dip
anisotropy is proportional to the surface area. According
the calculation of the magnetostatic energy by Bruno,46 this
additional dipolar surface anisotropy can be written as

Kd52S2pM2S 34Ds• f ~s/j!sin2u, ~3!

whereS is the film area and the functionf is a characteristic
function ofs andj with values from 0 to 1. As an example
we extracts5 1.6 Å andj5 20 Å from the STM data taken
on 3.5 ML RT-grown Fe/Cu3Au~100! of Fig. 3~b!. This
gives a value ofKd of the order of magnitude of 0.1
erg/cm2. In comparison to the surface anisotropy, which h
been estimated to be' 1.4 erg/cm2,21 this roughness in-
duced dipolar surface anisotropy is about one order of m
nitude smaller. Accordingly, the influence of this dipolar su
face anisotropy on the value of the critical thickness, wh
is determined by the compensation between perpendic
and in-plane anisotropy@see Eq.~1!#, increasestc by 10%
only. This is too small as compared to the observed diff
ence~2 ML! in tc between RT and LT growth.

The second effect of the surface roughness is a reduc
of the magnetocrystalline surface anisotropy. This effect
s
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been studied within Ne´el’s model.47 According to the Ne´el
model, the surface anisotropy is attributed to the asymme
environment of the surface atoms as compared to bulk lat
sites. At rough surfaces the asymmetric character should
modified to a certain extent. As the in-plane neighbors
lacking, for the atoms which are located at the step edg
modification of the asymmetry character and consequent
reduction of the magnetocrystalline surface anisotro
should be expected. Based on the symmetry argument,
reduction of the magnetocrystalline surface anisotro
DKcryst

s /Kcryst
s is given as follows:47

DKcryst
s

Kcryst
s 52

2s

j
, ~4!

where thes and thej are the same characteristic paramet
for the rough surface defined above. Taking the same va
of s andj for 3.5 ML RT-grown Fe film on Cu3Au~100! as
above, one gets a reduction of the magnetocrystalline sur
anisotropy by less than 20% as compared to the one of
flat surface. A reduction of the magnetocrystalline anisotro
should lead to a smaller value of the critical thickness. A
cording to Eq.~1!, we can estimate the value of the critic
thickness to be 20% smaller, giving only a difference of le
than 1 ML in the critical thickness by taking the value of th
critical thickness for LT-grown Fe/Cu3Au~100! ~5.5 ML!.
This value is substantially smaller than the 2 ML differen
in the critical thickness between RT- and LT-grow
Fe/Cu3Au~100!. Furthermore, comparing RT- and LT-grow
Fe/Cu3Au~100!, one finds little difference regarding th
value of the surface roughness. The surface roughness
duced difference in the critical thickness of the RT- and L
grown film is estimated to be only about 0.1 ML. Therefor
the pronounced difference in the critical thickness betwe
RT- and LT-grown Fe/Cu3Au~100! cannot be explained
within the Bruno model by the effect of the surface roug
ness on the magnetic anisotropy. We thus exclude the
face roughness to be a relevant factor to affecttc in our case.

Based on the consideration of the low surface free ene
of Cu and Au with respect to Fe,27 an interdiffusion at the
interface or a surface segregation of substrate atoms onto
film surface has to be expected. In the system Fe/Au~100!,
recent investigations revealed that the Fe/Au interface is s
ject to a roughening process.48–50Our STM and Auger data
at the initial stage of growth, however, did not show a
evidence of interdiffusion and surface segregation of s
strate atoms~details see Ref. 25!. Interdiffusion and surface
segregation seem to be very sensitive to the growth temp
ture and could be suppressed below a certain tempera
For completeness, it is still valuable to discuss the effec
interdiffusion or surface segregation on the magnetic ani
ropy. The effect of mixing at the interface has been repor
by Draaisma, Broeder, and Jonge.51 In a pair-interaction
model they showed that the interface anisotropy is very s
sitive to the interdiffusion at interfaces. A 50% mixing b
tween the adatoms and atoms of the substrate at the inte
may lead to a 50% reduction of the interface anisotropy. T
influence of a nonmagnetic coverage~or underlayer! on the
magnetic anisotropy of the magnetic thin films~or sand-
wiches! has been also investigated by some groups.52–57 A
drastic increase of the perpendicular anisotropy
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X/Co/Au~111! with overlayerX5Au, Cu, or Pd has been
found and is strongly peaked near 1 ML overlay
thickness.52,54 Recently, a similar finding has also bee
shown for Co/Au~111! films with a Au wedge overlayer by
using scanning electron microscopy with polarizati
analysis.57 According to these results, a limited submon
layer coverage of Au on top of the magnetic layer sho
shift the critical thickness for the spin reorientation transiti
to higher coverages. If a similar mechanism also works in
Fe/Cu3Au~100! system, the reduced critical thickness f
RT-grown Fe/Cu3Au~100! seems to contradict this finding
even when some Au atoms indeed segregate onto the
surface. Nevertheless, as described by Beauvillainet al. in
Ref. 54, the influence of the overlayer on the interface
isotropy can be interpreted in terms of electronic effects
to band hybridization at the interface. It is thus possible th
other than in theX/Co/Au~111! system, the influence of a Au
overlayer on the magnetic anisotropy in the Fe/Cu3Au~100!
system is reversed due to different details in band hybrid
tion at the interface. To verify this point, further measu
ments similar to that in Refs. 52, 54 still need to be done

C. Is a kind of spin-reorientation-induced structural
transformation possible?

The above discussion may provide approaches in two
posite directions to explain the correlation of the sp
reorientation transition and the structural transformation. T
first one concerns a structural transformation-induced s
reorientation, which has been discussed in detail above.
second one considers their correlation in a totally oppo
point of view: Is it possible that the spin-reorientation tra
sition drives the fcc~100!-bcc~100! structural transformation
observed in RT- and LT-grown Fe/Cu3Au~100!, thus becom-
ing a spin-reorientation-induced structural transformatio
As is well known, the fcc-bcc transformation in Fe films c
spontaneously occur on the basis of thermodyna
arguments.34 Nevertheless, such a structural instability m
be also supported by a magnetostrictive effect,58 leading to
the occurrence of the structural transformation already
lower coverages. A change of the direction of the magn
zation may give rise to a change in the sample length.59,60

One of the usual cases is the fractional longitudinal cha
of length in the direction of the magnetization~called as the
longitudinal magnetostriction!. The longitudinal expansion
there is accompanied by a transverse contraction, resu
only in a very small change in total volume in compariso
In connection with this point, we recall that the Bain path61

which is a kind of lattice deformation through a uniaxi
contraction in the direction normal to the film surface and
biaxial expansion in the in-plane direction, is assumed to
the transformation path for the fcc-bcc structural transform
tion in
Fe/Cu3Au~100! films.25 With the magnetization perpendicu
lar to the iron film surface, according to the longitudin
magnetostriction, the Fe film tends to expand in the direct
normal to the film surface and to contract in the in-pla
direction, acting, thus, as the force against the Bain trans
mation. Switching the direction of the magnetization into t
in-plane direction, the magnetostriction induces an in-pla
expansion and a perpendicular contraction. This additio
r
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strain induced by the magnetostriction normal to the surf
may thus drive the Bain transformation, resulting in the fc
bcc structural transformation. This interpretation implies th
the structural transformation in Fe/Cu3Au~100! is induced by
the spin reorientation transition and the spin reorientat
transition itself is, in contrast to the first interpretation abo
attributed to the intrinsic magnetic properties of the Fe fil
Up to now, there is, to our knowledge, no quantitative info
mation about the strain energy available which is necess
to drive the Bain transformation in an Fe ultrathin film sy
tem. Although a measurement of magnetostrictive consta
for the Fe film is not available, the literature shows, howev
only a negligible value of the magnetostriction (d l / l ) (d l is
the change in lengthl ) of iron bulk, for example, along the
^100& magnetization to be only in the order of magnitude
1025–1026.62 This seems to be too small for a strain nece
sary to induce the Bain path. In this crude estimate, a s
reorientation transition-induced structural transformat
should be unlikely. On the contrary, in the first approa
~Sec. VA!, the reduction of the perpendicular anisotropy d
to the fcc-bcc structural transformation has led to a v
plausible explanation for the correlation between the s
reorientation and the fcc-bcc structural transformation.

VI. SUMMARY

In contrast to Fe/Cu~100!, we observe only ferromagneti
order in both RT- and LT-grown Fe films on Cu3Au~100!.
The critical thickness for the spin reorientation transition
found to be about 3.5 and 5.5 ML for RT and LT growt
respectively. Around the critical thickness we found distin
changes in the surface topology associated with an onse
the structural transformation from an fcc-like to a bcc-li
phase. Instead of a bcc~110!-like phase, as found in the
Fe/Cu~100! system,14 bcc-like Fe films on Cu3Au~100! re-
veal a~100! orientation. Different from the martensitic trans
formation in RT-grown Fe/Cu~100!,33,34 where the fcc-bcc
transition changes not only the surface topology but also
structure of all accumulated layers, the Fe layers
Cu3Au~100!, which are covered by growing bcc-like Fe
seem to retain their fcc-like structure at least up to a cer
higher coverage.

The spin-reorientation transition of Fe/Cu3Au~100! is
shown to be correlated to the fcc-bcc structural transform
tion in films. It may be mainly attributed to the drastic r
duction of the perpendicular anisotropy due to the fcc-b
structural transformation. The effect of roughness is with
the Bruno model shown to be negligible. We cannot, ho
ever, exclude the influence of the strain-induced anisotr
on the spin-reorientation transition. Characterization of
strain of fcc-like as well as bcc-like Fe layer in this system
thus reserved for a further separation of the different anis
ropy contributions, which is necessary for clarifying the n
ture of correlation of the structural transformation and t
spin-reorientation transition.
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