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Interplay between structure and magnetism
in Fe/Cu(1 0 0) upon temperature variation
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Abstract

Interleaved low-energy electron diffraction (LEED) and magneto-optical Kerr effect {MOKE) measurements were
carried out for room-temperature epitaxially grown FCC-like Fe/Cu{1 0 0) in the temperature range of 120-400 K. The
structure of the Fe film was found to be not only dependent on thickness, as was believed previously, but also to be
influenced by the temperature. Temperature-driven structural transitions were observed in the 4 and 4.5 ML films, this
effect being more pronounced at 4 ML thickness. Whereas the whole 4 ML film assumes an FCC-like structure with
a strong tetragonal expansion {(FCT-like) at temperatures below 313 K, the bulk of the film relaxes into the ‘isotropic’
FCC-like structure and only the top layers remain expanded at temperatures above 333 K. Because only the FCT-like
(expanded) Fe possesses ferromagnetic properties, the film becomes paramagnetic after heating above 333 K. This finding
represents a new type of magnetic order—disorder transition and explains the lower value of the Curie temperature in the
4 ML Fe film as compared to 3 ML. In the 4.5 ML Fe film the similar correlation beiween the temperature-driven
structural transition and an occurrence of the ferromagnetic long-range order was observed, Additionally, a pronounced
difference in the energy positions of the characteristic maxima in the LEED [ {E) curves for the {0 0) beam as well as
a kinematic analysis of these curves imply a difference in the value of the teira gonal expansion for the entirely expanded
FCC-like Fe film and the film expanded only in the topmost layers.

Keywords.: Structure; Thin films; Order—disorder transition

1. Introduction fleld of studies in solid state physics. One of the
most famous examples of such a relationship is

The relationship between structural and mag- FCC-Fe where total magnetic moment calculations
netic properties has since long been a fascinating predict ferromagnetic ground states at an increased

atomic volume, otherwise antiferromagnetic order-

ing is expected [1, 2]. This prediction can be verifi-
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been chosen in most of the experimental studies,
because of its diamagnetic properties as well as
a small positive misfit of x1-2% with respect to
FCC-Fe (the lattice constants of Cu and FCC-Fe at
room temperature are 3.61 A and 3.55-3.58 /?\, re-
spectively [3]) forcing an increased lattice spacing
in the pseudomorphic Fe film. The structural phase
diagram of Fe/Cu(l 00) was found to be rather
complicated; the structure of the film depends both
on the growth conditions (mainly the substrate
temperature) and thickness [3-117]. For room-iém-
perature-grown films an FCC-like structure exists
only at thicknesses d below 11-12 monolayers (ML)
(if no surfactants are used [12, 137]); at higher d an
FCC-BCC structural phase transformation occurs
[14-16] which is accompanied by a switching of the
easy axis of the magnetization from perpendicular
direction (d < 11-12 ML) to in-plane [17-20].
The expected enlargement of the lattice spacing
in FCC-like Fe on Cu(l 00) fakes place both in
lateral (pseudomorphic growth) and vertical direc-
tions, the vertical interlayer spacing a, being main-
ly affected. This expansion occurs, however, not at
all thicknesses where the FCC-like phase exists.
Detailed low-energy electron diffraction (LEED)
investigations [3, 5-8] using the tensor LEED tech-
nique [21] to fit experimental I(E) curves showed
that only for d <4 ML the entire room-temper-
ature-grown Fe film assumes a tetragonally ex-
panded FCC structure (FCT) with an enlarged
atomic volume V,~ 12.1 A® (¢, ~ 1.87 A); this
structure is characterized by pronounced {(and
coverage-dependent) vertical buckling (up to 0.2 A)
and lateral shifts and can only on the average be
considered as a FCT one. At higher thicknesses
only the two topmost layers keep a larger value of
a,, whereas the bulk of the film relaxes into the
‘isotropic’ (also on the average) FCC-like struc-
ture (¢, ~ 1.78 A, V, ~ 11.4 A%). The value of the
remanent magnetization My in FCC-like Fe/
Cu(1 00} is observed to correlate with this struc-
tural behavior: an almost linear increase of the
magnetization takes place up to d ~ 4 ML, whereas
My drops down at higher thicknesses and remains
approximately constant between 5 and 10 ML
[17, 18]. Such a behavior of the remanent magnet-
ization can be easily understood if one assumes that
the ferromagnetism in the film is directly related to

the enlarged atomic volume (expanded interlayer
distance). This assumption was recently substan-
tiated by nonlinear magneto-optical Kerr effect
electron Mdssbauer spectroscopy experiments
[23-25]. These experiments also showed that ‘iso-
tropic’ FCC-like Fe in fact orders antiferromagneti-
cally, in agreement with the resulis of a previous
magneto-optical Kerr effect investigation [18].
There remains some uncertainty in the value of
the corresponding Néel temperature, because the

values provided by the Mdssbauer spectroscopy
experiments (x 70 K) and extrapolated Kerr effect
measurements (& 200 K) are rather different.
Thus, structural and magnetic properties of
room-temperature-grown Fe/Cu(l 0 0) closely cor-
relate with each other as function of thickness and
are believed to be well understood. One should
consider, however, that both the magnetic measure-
ments and LEED investigations were carried out at
relatively low temperature (90 K). The structure
of the films which seems to have the crucial influ-
ence on their magnetic properties was assumed to
depend only on thickness and remain unaffected by
other parameters, in particular, by the temperature
(only some indirect indications of the temperature-
driven structural transformation in the Fe/Cu(1 0 0)
grown at 100 K were observed previously [26, 27]).

- The questions whether the structure of these films

at a fixed thickness remains stable against temper-
ature variation_and whether possible temperature-
driven structural transformations are accompanied
by a change of magnetic properties were open until
our recent short publication on this subject [287. In
this paper we will address both these questions in
more detail and present the results on the temper-

properties of FCC-like Fe/Cu(1 0 0) in the temper-

ature range of 120-400 K. As compared to our
previous report [28] the data for all thicknesses will
be presented and analyzed, thus, providing a more
complete and consistent picture.

2. Experimental procedure

The experiments were performed in a UHV
chamber [29] equipped with facilities for Auger
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electron spectroscopy (AES), LEED, MOKE, me-
dium-energy electron diffraction (MEED) and thin
film growth; a schematic drawing of the chamber is
presented in Fig. 1. The base pressure was 1 x
1078 Pa.

The iron films with thicknesses of 2-12 ML were
epitaxially deposited on a Cu(l 00) single crystal
held at room temperature. The deposition rate was
varied between 0.3 and 0.6 ML/min and the pres-
sure during the evaporation was below 2x
1078 Pa. The growth process was monitored and
controlled in situ by MEED, with the typical curve
for the specular beam (Fig. 2) being reproduced in
our experiments [17]. This procedure and addi-
tional AES measurements allowed a thickness
determination with an accuracy of 0.2 ML. No
surface contaminations above the AES detection
limit (= 1%) were found after iron deposition.

The magnetic properties were probed using the
MOKE facility by registering the hysteresis loops
in the polar geometry. The corresponding setup
(see Fig. 1) included a stabilized HeNe laser
(4 = 633 nm), a photoelastic modulator, a polariza-
tion filter and an integrated photodiode/amplifier.
The signal was detected by using a lock-in tech-
nique; for this purpose the incident laser beam
was sinusoidally modulated between left and right
circular polarization. The hysteresis loops had

AES electron

un
g g
i ~ camera
i Bag e
1 LEED
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= Fe
detector evaporator
photoelastic
HeNe laser D modulator

Fig. 1. Schematic drawing of the experimental setup. The
sample is in the position for the MOKE measurements.
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Fig. 2. Intensity of the MEED specular beam during room
temperature growth of 12 ML Fe film on Cu(1 0 0). The inten-
sity at reflection from clean Cu(! 0 0) is normalized to one. The
primary beam was directed along the [00 1] azimuth of the
substrate with polar angle of incidence of 3-5°.

a square shape except for the region near the Curie
transition where a pronounced change of the shape
of the loops, namely, a strong reduction of the
remanence as compared with the saturation mag-
netization was observed; in other words, the loops
became inclined. The maximum magnetic field ap-
plied H,, was 250 Oe which allowed us to reach
the saturation magnetization over most of the tem-
peratures and thicknesses investigated (for 4.5 ML <
d < 10 ML the coercivity at temperatures below
190-210 K exceeded H,, — this region has no
relevance to the main subject of this article). The
magnetic properties of BCC Fe/Cu(l100) (d >
10 ML, in-plane magnetization) were not mea-
sured.

Conclusions on the crystalline structure of the
films were mainly drawn from a kinematic analysis
of LEED I(E) curves for the {0 0} diffraction beam.
These curves often show a group of periodic (as
a function of \/;3 intensity maxima that result
from constructive interference whenever the verti-
cal interlayer spacing corresponds to an integer
multiple of the electron wavelength [30, 317. Such
a group of maxima thus, represents a kind of finger-
print for a definite structural phase in the system
under investigation. The main advantage of the I(E)
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curves for the (0 0) beam is the extremely short time
needed for their acquisition and analysis which
allows direct monitoring of structural transforma-
tions in the system investigated. Moreover, it is
possible to evaluate (in the kinematic approxima-
tion) the corresponding average vertical interlayer
spacing, being especially beneficial in a system
where the magnetic properties are determined pre-
dominately by this parameter.

Of course, the analysis of a single I(E) curve is
not intended to compete with the tensor LEED
fitting procedure involving a couple of different I(E)
curves relating to the details of the investigated
structure (superstructure, buckling, etc.). Such a
procedure needs, however, an enormous expendi-
ture of time if one considers the whole data set to be
measured and processed when both the film thick-
ness and temperature are varied. The details are of
importance to understand the dynamics of the
structural transformation in Fe/Cu(1 0 0), but play
a secondary role in the magnetic properties of this
system.

It should also be noted that the kinematic analy-
sis represents, strictly speaking, rather a qualitative
than a quantitative method because this approxi-
mation ignores the real character of the electron-
atom scattering as well as multiple-scattering
events. Nevertheless, the kinematic approach seems
to work for thin films of 3d-metals; this approach
was successfully used to investigate the structure of
Fe/CusAu(1 00) [32] as well as epitaxial FeCo
alloys on Cu(1 0 0) [33] and Ni/Cu(1 0 0) [34]; the
kinematic analysis was also previously applied in
the case of Fe/Cu(1 0 0) to study the structure of the
surfactant-stabilized FCC-like Fe [13]. Anyway,
a large set of experimental data (I(E) curves for the

(0 0) beam) and comparison of at least some results

of the kinematic analysis with the output of the
dynamical LEED calculations is necessary for the
correct interpretation of the experimental I(E)
curves and for the judgement whether the kin-
ematic approximation is applicable in the case un-
der consideration.

The LEED I(E) curves for the (0 0) diffraction
beam were taken at an angle of incidence of 6° in
the (00 1) mirror plane of the substrate; a special
computer-controlled video-LEED system based on
a Macintosh computer was used [35] (this system

was also used for the MEED measurements). Some
LEED patterns were also taken to look for the
superstructures previously observed in the LEED
investigations [3, 5-8]. The patterns were mea-
sured only at low temperatures (= 150 K): the sam-
ples were usually cooled down to 150 K directly
after the evaporation because we wanted to start at
conditions typical for the foregoing studies. After
this initial cooling, the measurements of structural
and magnetic properties at variation of the temper-
ature were carried out, the latter being varied in
steps of 5-30 K depending on the observed temper-
ature behavior of the hysteresis loops and I(E)
curves.

At some fixed thicknesses these measurements
were carried out in an interleaved mode to exclude
irreversibility effects. For this purpose, the sample
was rapidly rotated between the MOKE and
LEED facilities at each fixed temperature. After
these measurements the temperature was changed
and the whole procedure was repeated until the
temperature scan was completed. It took about
10-15min to make both the MOKE and I(E)
measurements at a fixed temperature and approx-
imately 5-15 min to change the temperature, de-
pending on the temperature step.

To exclude the influence of interdiffusion, the
maximum temperature Fe/Cu(l 0 0) may be heated
to had to be noticeably less than that for the onset
of interdiffusion (410 K [15, 361, 340-400 K [37]).
structure of the film through the magnetic order—
disorder transition. The region of this transition is
especially interesting from the point of view of the
possible temperature-driven structural transforma-
tion concerning a link between magnetism and
structure in Fe/Cu(1 0 0). Therefore, the maximum
temperature for all thicknesses except for 2 and
3 ML was limited to about 350 K. For 2 and 3 ML
this value was about 363 and 393 K, respectively,
because of the high values of the Curie temperature
for these thicknesses [17, 18].

3. Results

In this section the results are presented in three
separate parts: (1) structure of Fe/Cu(100) as
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a function of thickness, (2) structure of Fe/
Cu(1 0 0} as a function of temperature and (3) mag-
netic properties of Fe/Cu(100) as a function of
thickness and temperature. The discussion of the
results is given in Section 4.

3.1. Structure of Fe/Cu(l 0 0) as a function of
thickness

In Fig. 3a, I(E) curves for the {0 0) LEED beam
for clean Cu(100) and Fe/Cu(l100) at various
thicknesses d are depicted; the corresponding
values of &, calculated from these curves within the
kinematic approximation are presented in Fig. 4a.
The I(E) curves in Fig. 3a weéré collected at

T = 153 K {(except for clean Cu) which, on the one
hand, lies significantly below the Curie temperature
of the films [17], and, on the other hand, are typical
for previous LEED measurements on Fe/Cu(l 0 0)
[3,5-9]. Thus, a direct comparison of our data
with the tensor LEED results can be made. This
should be a crucial check whether the kinematic
approximation can be successfully used in the pres-
ent case of Fe/Cu(l 00).

The I(E) curve for clean Cu(100) in Fig. 3a re-
veals a group of maxima (marked by the dotted
lines) which can be identified as the kinematic ones;
the energy positions E, of these maxima are depic-
ted in Fig. 5a as a function of n% where n is an
integer number. Generally, the energy positions of

a e 166G Fe/Cu (ay=1.8A)
----- fot Fe (a,~1.9A)
....... fct Fe (a_L=1.85A)

T=153 K d:
12 ML

(00) beam intensity (arb. units)

U/\NLJ\,_/ ___ icu(100)

b e fee FefCu (a,~1.8A)
------- fct Fe {a;~1.9A)
------- fct Fe (a,~1.85A)

T=343 K d:
12 ML

0 100 200 300 400 500 600
Energy {(eV)
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Energy (eV)

Fig. 3. Intensity vs. energy dependence of the LEED (0 0) beamn from Fe/Cu{l 0 0) measured at temperatures 153 K (a) and 343 K {b);
the I{E) curves for 2 and 3 ML Fe films in (b) were measured at 363 and 393 K, respectively. The kinematic maxima related to the
FCC-like and two different FCT-like structures of Fe on Cu(l 00) are traced by vertical dashed, dotted and dashed-dotted lines,
respectively. The dashed lines are also used to trace the analogous maxima for Cu(l 0 0). The energy positions of these maxima and the
I(E) peaks related to the FCC-like Fe practically coincide because of the same value of a, for Cu(l 00) and FCC-Fe. A change of the
tetragonal distortion in FCT-like Fe with increasing coverage can be directly seen as a shift of the corresponding kinematic maxima

between 4 and 5 ML in {a) and between 3 and 4 ML in {b).
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Fig. 4. Thickness dependence of the vertical interlayer distances
a, for the FCC-like and FCT-like Fe on Cu(1 0 0) (open and full
circles, respectively) at temperatures 153 K (a) and 343 K (b).
The full square represents a, for the BCC-like Fe/Cu(l 0 0). The
values of a; in (a) and (b) were calculated within the kinematic
approximation from the I(E) curves in Fig. 3a and Fig. 3b,
respectively. The dotted (FCT-like Fe) and dashed (FCC-like
Fe) lines represent a guide to the eye. At small thicknesses
(d < 4 ML) the full circles represent the value of a; for the clean
Cu(1 0°0) rather than for the FCC-like Fe; anyway these values
are approximately the same. The I(E) peaks related to the
FCC-like Fe and Cu(1 0 0) practically coincide, the latter contri-
bution being damped with increasing thickness of the Fe aver-
layer. - -

the intensity maxima within the kinematic scatter-
ing treatment are given by the Bragg condition
a, = nl (for the normal incidence) which can be
rewritten in the form

/2
E, = i <n—n> + Vo,
2m a,

where V, is the inner potential. The dependence
E,(n?) represents thus a linear function, the value of
a, being derived from its slope. As it is clearly seen
in Fig. 5a, such a linear dependence is, in fact,
observed in the case of Cu(l 00), indicating the
kinematic origin of the intensity maxima marked in
Fig. 3a. The corresponding value of a, (corrected
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Fig. 5. Energy positions of the ‘kinematic’ I(E) maxima vs. the
index »? for Cu(100) (a), 2ML Fe/Cu(100) (b), 5SML
Fe/Cu(100) (c), and 12ML Fe/Cu(l100) (d): the values of
a, were obtained from the slope of the straight lines. The
corresponding I(E) curves are depicted in Fig. 3a. The maxima
relating to the FCC-Cu/FCC-like Fe, FCT-like Fe (two different
values of a,) and BCC-like Fe are presented by the full circles,
full squares and full triangles, respectively. The straight lines
represent linear fits to the dependences E,(1%). A linear depend-
ence of E, on n? indicates the kinematic origin of the intensity
maxima.

for the incidence angle) in Fig. 4a correlates rather
well with the interlayer spacing in a Cu single
crystal along the [100] axis.

The deposition of 2 ML Fe onto Cu(1 0 0) results
in the appearance of an additional group of kin-
ematic intensity maxima (marked by the dotted
lines in Fig. 3a); the energy positions of the maxima
are depicted by the full squares in Fig. 5b. Both the
pronounced downward shift in the energy positions
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of these maxima as compared to those for Cu(1 0 0),
as well as the corresponding value of a, (Fig. 4a)
allow us to associate these maxima with the tet-
ragonally expanded FCC lattice of Fe (FCT-like
Fe). With increasing d up to 4 ML the relative
intensity of the maxima related to the FCT-like Fe
increases, whereas the relative intensity of the I(E)
peaks associated with Cu becomes smaller. This
behavior obviously stems from the attenuation of
the Cu contribution by the Fe overlayer with the
FCT-like structure.

An increase of d by only 0.5 ML from 4.0 to
4.5 ML changes the character of the I(E) curves
dramatically. A new group of the kinematic maxi-
ma with energy positions (depicted by the full
circles in Fig. 5c) practically coinciding with the
positions of the I{E) peaks related to Cu, develops
and becomes dominating at higher energies, where-
as the maxima associated with FCT-like Fe shift
a little upwards in energy (corresponding energy
positions are depicted by the full squares in Fig. 5¢)
and keep a pronounced intensity only at low ener-
gies. They may therefore be associated with low-
energy electrons having a small escape length,
which suggests that the tetragonal expansion in this
case is retained only in the upper layers of the film.
The lower intensities of these maxima as compared
with those for the structure associated with the
FCT-like Fe in the I(E) curve for the 2 ML film
implies a smaller quantity of the FCT-phase in the
case under consideration; the tetragonal expansion
therefore, seems to occur exclusively between top-
most and topmost but one layers of the 4.5 ML film
{except for some small quantity of FCT-like Fe
which still remains in the inner layers).

As to the new group of the kinematic maxima, it
cannot be associated with the strongly attenuated
signal of Cu but only with the FCC-like Fe; consid-
ering that the latter has practically the same lattice
constant as Cu. This results in the same structure as
was concluded previously from detailed LEED in-
vestigations [3, 5, 6] for the thickness under consid-
eration: the inner layers of the Fe film have FCC-
like structure and only the topmost layers are tet-
ragonally expanded. A large similarity of the I(E)
curves at 4.5 ML <d < 10 ML implies that such
a structure is characteristic for all films in this
thickness range, in complete agreement with the

previous results [3,6]. Also in such an agree-
ment the character of the I(E) curves changes dis-
tinctly at d > 10 ML, manifesting the FCC-BCC
structural transition, The curve for a 12 ML Fe film
in Fig. 3a reveals only one group of the kinematic
maxima with the energy positions depicted in
Fig. 5d. The strong downward shift of these maxi-
ma with respect to the I(E) peaks related to the
FCC-like and FCT-like Fe as well as the corre-
sponding value of a, in Fig. 4a allow us to associate
this group of the maxima with BCC-like Fe. Only
some weak contributions from the FCC-like and
FCT-like Fe remain visible and can be observed at
low energies.

The shift of the maxima related to FCT-like Fe in
4.5 ML film as compared to the analogous maxima
at lower thicknesses is much more pronounced at
45 ML < d < 10 ML, therefore, we did not present
the data for the 4.5 ML film but for the 5 ML film
in Fig. Sc. The shifted sequence is marked by
the dashed-dotted lines in Fig. 3a; corresponding
values of a, in Fig. 4a are less by & 0.05 A than the
analogous valuesatd <4 ML (1.9 A}. In the case of
4.5 ML the kinematic maxima associated with the
FCT-like Fe represent a superposition of two
groups of the kinematic I(E) peaks which are re-
lated to the two different FCT-like structures of Fe
(different tetragonal distortion).

3.2. Structure of Fe/Cu(l 0 0) as a function of
temperature

Increasing the temperature does not result in
a simple uniform reduction of the heights of the
peaks in the J{E) curves but affects the various
structures in these curves to a different extent. Ex-
cept for the case of 4 and 4.5 ML which are rather
specific and will be presented separately, two main
tendencies are observed. First, the relative weight of
the maxima related to FCT-like Fe decreases with
increasing temperature as compared to the respect-
ive I(E) peaks associated with Cu {d <3 ML) and
FCC-like Fe (5 ML <d < 10ML). Second, the
I(E) peaks at higher kinetic energies are attenuated
stronger than the peaks at lower kinetic energies.
This is especially pronounced in the case of the
maxima related to FCT-like Fe. Because of the
continuous character of these changes (except for
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the case of 4 and 4.5 ML) we refrain from presenta-
tion of temperature dependences of the I(E) curves
for every thickness, but include in Fig. 3b only the
curves measured at the highest temperature to illus-
trate such a development. The analysis of the ob-
served tendencies in the temperature behavior of
the I(E) curves will be presented in Section 4; the
energy dependence of the Debye~Waller factor and
the specific properties of the surface atoms will be
taken into account.

As was noted at the end of the previous subsec-
tion, two groups of the kinematic maxima relating
to two inequivalent FCT-like structures of Fe (dif-
ferent tetragonal distortion) are simultaneously
presented in the I(E) curve for the 4.5 ML Fe film at
T = 153 K. With increasing temperature the rela-
tive weights of these two groups change which can
be clearly seen in Fig. 6 where the corresponding
I(E) curves at different temperatures during heating
are depicted; the maxima in the groups are marked
by the dotted (a, ~ 1.9A) and dashed-dotted
{ay ~ 1.85 A) lines. In the temperature range
293-313 K the I(E) peaks related to the FCT-like
structure with a larger tetragonal distortion
(a, =~ 1.971&) disappear completely and only the fea-
tures stemming from the FCT-like structure with
the smaller tetragonal distortion (a, = 1.85 A)
remain. These features are observed only at low
energies which suggests that the corresponding
tetragonal distortion occurs exclusively in the top-
most layers of the 4.5 ML Fe film.

The case of 4 ML film is even more interesting.
As was mentioned before, the whole film is tet-
ragonally expanded at low temperatures revealing
itself in the I(E) curve in Fig. 3a: the maxima re-
lated to the FCT-like Fe represent the main struc-
ture and only strongly damped I(E) peaks from Cu
are observed. Upon heating this curve changes
dramatically, the most abrupt changes occurring
between 313 and 333K (see Fig. 7 where the
- corresponding I{E) curves at different temperatures
are depicted). On the one hand, the I(E) peaks
related to Cu and FCC-like Fe become dominant.
On the other hand, the I{E) peaks associated with
the FCT-like Fe which were observed at lower
temperatures (¢ = 1.9 A) disappear completely, and
a new group of maxima related to the FCT-like Fe
with a, ~ 1.85 A appears. The maxima in this new

4.5 ML

----fcc Fe/Cu (a ~1.8A)
- fot Fe (ay=1.94)
-~ fct Fe (a,~1.85A)

Fe/Cu(100)

(00) beam intensity (arb. units)

0 100 200 300 400 500 600
Energy (eV)

Fig. 6. Intensity versus energy dependence of the LEED (00)
beam for 4.5 ML Fe on Cu(l 0 0) measured at various temper-
atures during heating. The kinematic maxima related to the
FCC-like and two different FCT-like (4, ~ 1.9 and 1.85A)
structures of Fe on Cu(l 00) are traced by vertical dashed,
dotted and dashed-dotted lines, respectively. In the temperature
range 293-313 K the I(E) peaks associated with the FCT-like
structure with the larger tetragonal distortion {(a, & 1.9 A) dis-
appears completely and only the features stemming from
the FCT-like phase with the smaller tetragonal distortion
(a, =~ 1.85 A) remain. These features are then observed only at
low energies.

group are observed only at low energies and are
characterized by the same positions as the maxima
related to the FCT-like Fe at 45ML <d <
10 ML. Thus, the I(E) curve for the 4 ML film
becomes exactly the same as that for the films with
45ML <d < 10 ML, which is also clearly seen
from the direct comparison of the I(E) curves for 4,
4.5, 5 and 7 ML film in Fig. 3b (also the difference
from the curves for 2 and 3 ML is very pro-
nounced). From this it follows that the 4 ML film
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Fig. 7. Intensity versus energy dependence of the LEED (0 0}
beam for 4 ML Fe on Cu(l 00} measured at various temper-
atures during heating. The kinematic maxima related to the
FCC-ike (a, ~ 1.8 A) and two different FCT-like {t. ~ 1.9 and
1.85 A) structures of Fe on Cu(l1 00) are traced by vertical
dashed, dotted and dashed-dotted lines, respectively. The I(E)
peaks associated with the FCC-like Fe overlaps with an analog-
ous peaks for Cu(l 0 0). At low temperatures only the maxima
related to the FCT-like Fe with a_ = 1.9 A are observed. During
heating these maxima disappear completely between 313 and
333 K, and the new I{E) peaks associated with the FCT-like Fe
with a_ ~ 1.85 A appear.

at T =333K assumes a similar structure as
the 5-9 ML films, namely an FCC-like structure
in the bulk of the film and FCT-like in the topmost
layers. ’

The values of a, derived from the Fig. 3b are
presented in Fig, 4b. The structural transformation
observed in the 4 ML film reveals itself in this figure
too. Whereas the values of a, (FCT-like Fe) for the
2 and 3 ML film remain the same, this value chan-
ges abruptly for the 4 ML film and becomes ap-
proximately the same as the ones for 4.5 ML <

d<10ML. Like in the low-temperature case
(Fig. 3a) two different fixed values of a, are ob-
served in different coverage regions; each of these
values seems to decrease very little upon heating as
compared to those in Fig. 3a (such a decrease was
also observed previously in Ref. [4]).

3.3. Magnetic properties of Fe/Cu(l 0 0) as
a function of thickness and temperature

Both the thickness and temperature dependences
of the magnetic properties of Fe/Cu(1 0 0) obtained
by us are consistent with the results of previous
investigations [9, 17, 18]. We did not attempt to
remeasure these dependencies very precisely {be-
cause this has been done before), but just intended
to establish tendencies and critical points as well as
to compare our data with literature values. The
thickness dependence of the saturation magneti-
zation extrapolated to T = 0 for the hysteresis loops
measured using polar MOKE is presented in
Fig. 8a. As observed previously, two regions with
different magnetic properties can be distinguished
over the thickness range where FCC/FCT-like Fe
exists. Up to about 4 ML, the saturation magneti-
zation increases linearly with film thickness which is
related to the growth of a homogeneous ferromag-
netic FCT-like Fe film. Slightly above 4 ML the
saturation magnetization decreases sharply follow-
ing the structural phase transformation of the fer-
romagnetic FCT-like Fe into paramagnetic (or
antiferromagnetic at low temperature) FCC-like
Fe; only the topmost Fe layers retain the FCT-like
structure and remain ferromagnetic. At higher J the
saturation magnetization is observed to be con-
stant with increasing thickness (up to the FCC-
BCC phase transition) indicating that the growing
number of inner layers of the film (FCC-like Fe)
does not contribute to the observed Kerr signal and
the amount of the on-top ferromagnetic FCT-like
Fe does not change significantly.

The main parameter characterizing the temper-
ature dependence of the magnetic properties of
a ferromagnetic system is the Curie temperature T;
the thickness dependence of T, obtained by ex-
trapolating the temperature dependence of the
saturation magnetization at fixed thicknesses to
zero temperature is depicted in Fig. 8b. The reason
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Fig. 8. (a) Thickness dependence of the saturation magneti-
zation extrapolated to T = 0 for the hysteresis loops measured
using magneto-optical Kerr effect as well as (b) the Curie tem-
peratures obtained by extrapolating the temperature depend-
ence of the saturation magnetization at a fixed thickness to 0 K.
Both the character of M(d) and T (d) dependences as well as the
values of T, agree rather well with previous investigations
[9, 17, 18]. Dashed lines serve as a guide to the eye. The dotted
line in (b) extrapolates the T.(d) dependence from the range
below 3 ML to higher thicknesses.

to use the saturation magnetization (instead of the
remanent one as usual) for the determination of
T. is an inclined shape of the hysteresis loops in
Fe/Cu(l 0 0) near the ferromagnetic-paramagnetic
transition. Such a shape results in a reduction of
the remanent magnetization at temperatures of
10-25 K below the transition while the saturation
magnetization remains relatively large and de-
creases rather slowly with increasing temperature.
The saturation magnetization was also used pre-
viously [17] to determine the thickness dependence
of the Curie temperature in Fe/Cu(l 0 0).

In the case of systems with reduced dimensional-
ity, like a thin ferromagnetic film, this dependence
is governed by a scaling law [37]. This law states
that T, should increase with increasing film thick-
nesses as long as the whole film is magnetic and no
other properties of the system (structure, morpho-

logy, composition) are changed. From the point of
view of the scaling law the thickness dependence of
the Curie temperature in Fig. 8b approximately
agrees with the thickness dependence of the satura-
tion magnetization except for one difference, name-
ly, a distinct decrease of T, between 3 and 4 ML,
This unusual behavior was not discussed pre-
viously (except for our previous Letter [28]) and we
provide evidence that indeed an important prop-
erty of the system, namely, its structure, is altering
already at 4 ML thickness by temperature vari-
ation. To relate the observed decrease of T to this
structural transformation one needs to consider the
temperature dependencies of the magnetic proper-
ties and of the structure in a 4 ML film, simulta-
neously.

For such an analysis one needs a parameter
which can quantitatively characterize the structural
transformations in the system. Because this trans-
formation affects simultaneously the FCC- and
FCT-like phases of Fe, a good choice for such
a parameter is the intensity ratio for two corre-

sponding (the same order of the Bragg diffraction)

kinematic I(E) peaks related to these phases.
This ratio I(FCT)/I(FCC) then reveals the rela-
tion between the FCT- and FCC-like phases in
the Fe film. The most intense kinematic maxima
are best suited to calculate such a ratio; therefore,
the peaks at =145 and 176eV related to the
FCT-like and FCC-like Fe, respectively, were
chosen. Thus, the ratio I,45(FCT)/I,-¢(FCC) was
calculated.

In Fig. 9 the ratio I,,5(FCT)/I+4(FCC) as well

as a function of temperature. The latter was in-
creased from 150 to 343 K and then decreased to
190 K by steps of 5-30 K. A comparison of these
two plots shows that they are practically identical
for increasing temperature; the same curve can be
used (dashed line in Fig. 9a and Fig. 9b) to fit both
experimental curves. If another pair of the kin-
ematic I(E) peaks is taken, the corresponding ratio
behaves in the same way: it decreases slowly during
heating to 313 K and then drops fast between 313
and 333 K. The coincidence between the temper-
ature behavior of My, and the ratio I(FCT)/I(FCC)
(Fig. 9) indicates that the ferromagnetic long-range
order in the 4 ML film is not destroyed in the usual
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Fig. 9. Comparison of the temperature dependences of struc-
tural composition and magnetic properties for 4 ML Fe/
Cu{1 00y the ratio of the intensity of the peaks at 145 and
176 eV (marked in Fig. 7) in the /(E) curves for the (0 0) beam (a),
as well as the saturation magnetization (b) during heating and
cooling of the sample (indicated by arrows) through the or-
der-disorder magnetic transition. The kinematic peaks at 1435
and 176 eV are related to the FCT-like (a, ~ 1.9 A) and FCC-
like Fe, respectively. Dashed lines serve as a guide to the eye.
Identical dashed lines are used to trace the temperature depend-
ence of both the ratio [,.5//, 74 in (a) and the saturation magnet-
ization in (b) during heating.

thermodynamic way, but by the temperature-
driven structural transformation. This phenom-
enon will be discussed in detail in the next section
after a short analysis of the LEED results.

4. Discussion

We start our discussion with the I(E) data in
Fig. 3a. The analysis of the curves presented in this
figure within the kinematic approximation pro-
vides essentially the same thickness dependence for
the structure of the FCC-like Fe films at low tem-
perature as previous LEED investigations [3, 5-87:
the whole film is vertically expanded at d < 4 ML
whereas both the tetragonally expanded {in the
topmost layers) and ‘isotropic’ FCC-like structures

coexist at higher d before the FCC-BCC structural
transformation sets in. The values of a, (Fig. 4a)
evaluated from the I{E) curves in Fig. 3a also agree
rather well with the tensor LEED data, which as-
sume a, = 1.78 and 1.87 & for the FCC- and FCT-
like Fe, respectively, in the entire thickness region
where FCC/FCT Fe exists. As compared to these
values practically all our values of a, presented in
Fig. 4a are shifted upwards by 0.01-0.03 A. This
systematic shift can be related to an inherent inac-
curacy of the kinematic approximation as well as
an incorrectness in the energy calibration of the
LEED facility and/or charging effects in the LEED
electrodes system.

There are two further differences between our
data and the previous LEED results, First, at fixed
d only one value of a, for the totally expanded flm
(d < 4 ML) follows from the I(E) curves in Fig. 3a,
whereas the tensor LEED analysis obtains a vari-
ation of a, within the film (a coexistence of pro-
nouncedly different values of a, within the film
should results either in a superposition of several
periodic sequences or in a broadening of the ob-
served kinematic maxima; neither such a superposi-
tion nor a broadening are discernible in our I(E)
curves at 4 < 4 ML). Second, the average values of
a, for the expanded phase are approximately con-
stant at d <4 ML and 45ML <d <10 ML at
fixed temperature, but differ from each other. This
implies different average tetragonal expansions
(=19 and 1.85 A) in the FCT-like Fe on Cu(1 00)
for the entirely expanded FCC-like Fe film and the
film expanded only in the topmost layers, whereas
previous LEED investigations claim the same aver-
age values of a, (1.87 A) for the FCT-like Fe over
the whole thickness region where the FCC/FCT-
like Fe exists. These investigations give the value of
1.90 A for only one of the interlayer spacings in the
4 ML Fe film {the entirely FCT-like film); other
layers, which are less expanded, should result in
reducing the average tetragonal expansion to
1.87 A. In our case, the change of the average verti-
cal interlayer spacing for the FCT-like phabe at
d >45ML as compared to that at d <4 {from
~19 to 1.85 A) cannot only be implied from the
kinematic analysis of the presented I(E) curves
{Fig. 4a) but also directly traced from these curves
(Fig. 3a) by following the energy position of the
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maxima related to the FCT-like Fe. At d = 4.5 ML
this change is not complete; the maxima associated
with the FCT-like Fe still contain some contribu-
tion from the I(E) peaks related to the FCT-like Fe
with a, = 1.9 A. This contribution is, e.g., clearly
seen as a shoulder at the left-hand side of the peak
at 156 eV or as a broadening of the peak at 349 eV.
As to the observed difference in the value of the
average tetragonal expansion for the entirely ex-
panded FCC-like Fe film and the film expanded
only in the topmost layers, it cannot be related
to some scattering processes stemming from the
topmost location of the expanded layer in the
4.5-10 ML Fe films. The maxima associated with
the FCT-like Fe in the I(E) curve for the 2 ML film
(which also represent an FCT-like structure of
comparable thickness on top of an FCC lattice)
have essentially the same energetic positions as
analogous maxima for the 3 and 4 ML filims. The
modification of the superstructure can also be ex-
cluded as a reason for the observed difference; the
I(E) maxima related to the FCT-structure do not
significantly vary their energetic positions in the
range of thicknesses between 2 and 4 ML while an
essential change of the superstructure occurs.
Apart from these two minor disagreements the
general evolution of the structure of Fe/Cu(l 00)
with increasing thickness obtained in the previous
LEED investigations is exactly reproduced by us.
This justifies the conclusion that the kinematic ap-
proximation can provide reliable results for this
specific system. Energy positions of the kinematic
maxima either for Cu, or FCC- or FCT-like Fe
show very small deviations from the linear depend-
ences as functions of n? (see Fig. 5) and the values of
the inner potential given by the kinematic approxi-
mation (V, = 12-15 eV) are also rather reasonable.
The reasons why the kinematic approximation
works so well in the case of Fe/Cu(1 00} (and the
thin films of some other 3d-metals [13, 32-34]) are
not completely clear. Generally, the kinematic (or
single-scattering) approximation is well applicable
in the case of a weak electron—atom scattering or in
situations where the unit-cell dimensions of the
periodic lattice are large compared to the mean free
path of the electrons [30, 31]. In other words, it is
a concurrence of the elastic and inelastic scattering
that determines the suitability of the kinematic ap-

proach for each individual case. Because of the
strong energy dependence of both the elastic and
inelastic scattering, a balance between these two
processes depends not only on the material but also
on the kinetic energy. This can be clearly seen in
Fig. 3: whereas some multiple-scattering maxima
are observed at the kinetic energies below
200-250 eV, only the ‘kinematic’ peaks have a pro-
nounced intensity at higher energies. It is exactly
the occurrence of these peaks which allows the
identification of the kinematic intensity maxima in
the region where the multiple-scattering cannot be
neglected.

The applicability of the kinematic approxima-
tion for investigating the thickness dependence of
the structure of Fe/Cu(l 0 0) implies that the analy-
sis of the I(E) curves for the (0 0) beam within this
approach should also provide reliable results for
the temperature dependence of the structure of

Fe/Cu(100). As it was noted in Section 3.2, two
main tendencies are observed in the temperature
dependence of the I(E) curves: (i) the relative
weight of the maxima related to the FCT-like Fe
decreases with increasing temperature as compared
to the I(E) peaks for Cu (d < 3 ML) and FCC-like
Fe ML <d <10ML), and (ii) the_diffraction
peaks at higher kinetic energies are attenuated
stronger than the peaks at lower kinetic energies.

The larger attenuation of the maxima related to
the FCT-like Fe as compared to the I(E) peaks
from Cu and FCC-like Fe can be partly understood
considering that FCT-like Fe is always located in
the topmost layers of our sample: at d <4 ML
FCT-like Fe covers the substrate and at
SML<d<IOML @ML<d<I0OML at T >
333K) this structure is placed on top of the
FCC-like Fe. Generally, the temperature-induced
displacement of the atoms in the top layer of
a single crystal can be larger by a factor of 2 than
that in the deeper layers [30]. In the case of an
evaporated layer, which is characterized by a rather
extended surface and strong buckling [3-9], this
effect can be even more pronounced, and thus, may
lead to the observed change of the I(E) curves.

As to the different attenuation of the I(E) peaks
at low and high kinetic energies, two phenomena
which produce opposite effects should be con-
sidered. On the one hand, the influence of the
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temperature on the I(E) peaks increases with in-
creasing energy, because the anti-Bragg phase
differences introduced by a given {temperature-
induced) displacement are greater at shorter
wavelength (higher energies). On the other hand,
the effective escape length is smaller at lower ener-
gies which will support a stronger attenuation of
the corresponding I(E) maxima with increasing
temperature because of the enhanced displacement
of atoms in the surface layers. Whereas in a single
crystal these two contributions are approximately
of the same order (at least not at very high kinetic
energies), in ultrathin overlayers of several ML
thicknesses the second contribution becomes of mi-
nor importance. The effective escape length is then
essentially determined by the thickness of the over-
layer and is practically the same for both low and
high energies. The I{E} peaks in these two energy
regions will then be related to the temperature-
induced atom displacement of the same order
which will result in a stronger attenuation of the
high-energy maxima with increasing temperature.
This effect will be additionally amplified by the
enlarged atom displacements in ultrathin over-
layers which can lead to the observed large temper-
ature-induced attenuation of the I(E) maxima
related to the FCT-like Fe at high energy.

This argument can also be reversed: the very
strong attenuation of the I(F) peaks at high energy
with increasing temperature represents an indirect
sign that the corresponding crystalline phase is
placed in the topmost layers of the sample. Thus,
we get additional evidence that the FCT-like Fe at
4-5 ML <d < 10 ML is placed on the top of the
FCC-like Fe.

Generally, all the considerations above explain,
at least qualitatively, the observed tendencies in the
temperature dependence of the I{E) curves. Never-
theless, it cannot be completely excluded that some
minor structural changes take place; dynamical
LEED calculations are necessary to extract this
information and to make some definitive con-
clusions.

Such conclusions, however, can be done in the
cases of 4 and 4.5 ML films on the basis of the
presented data due to the dramatic changes of the
corresponding I(E) curves at temperature variation.
As it follows from Fig. 7, the I(E) curve for

the 4 ML film heated up to =333 K becomes
exactly the same as that for the flms with
4.5 ML <4 < 10 ML, which imply that the 4 ML
film at T > 333 K assumes a similar structure as
the 5-9 ML films, namely, an FCC-like structure in
the bulk of the film and FCT-like in the topmost
layers. This structural transition is an explanation
for the observed disagreement between the temper-
ature dependence of the saturation magnetization
and that of the Curie temperature mentioned in
Section 3.3. As it was noted in this section, in the
case of systems with reduced dimensionality, like
a thin ferromagnetic film, the thickness dependence
of the Curie temperature is governed by the scaling
law [38]. This law requires T, to increase with
increasing film thickness as long as the whole film is
magnetic and no other properties of the system
{structure, morphology, composition) are changed.
If these conditions were fulfilled in Fe/Cu(100),
one would expect an increase of T, with increasing
film thickness up to 4 ML, a distinct decrease
slightly above this thickness and some constancy at
larger d. What was observed instead by us (Fig. 8b)
and previously by Thomassen et al. [17] is a monot-
onous increase of T, with film thickness up to
about 3 ML (a maximum of T, at d = 3 ML was
observed also in Ref. [397) and a distinct decrease
of T, at 4 ML. This is difficult to understand, be-
cause the structural phase transformation from the
entirely FCC-like structure with a tetragonal ex-
pansion to that expanded only in the topmost
layers was thought to occur at higher thicknesses.
This is also to be expected from the behavior of
the saturation magnetization extrapolated to 0 K
(Fig. 8a). Our analysis of the temperature depend-
ence of the J(E) curves provides evidence that in-
deed an important property of the system, namely,
its structure, is altering already at 4 ML thickness
by temperature variation.

Additionally, the coincidence between the tem-
perature behavior of M, and the ratio I(FCT)/
I(FCC) (Fig. 9) indicates that the ferromagnetic
long-range order in the 4 ML film is not destroyed
in the usual thermodynamic way, but by the
temperature-driven structural transformation. An
observed irreversibility of the ferromagnetic—
paramagnetic transition {Fig. 9) also supports this
conclusion, pointing towards an activated process.
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For the thicker Fe films (d > 4.5 ML) the restric-
tion of the FCT-like structure only to the topmost
layers is energetically more favorable, than an over-
all FCT-like structure. The corresponding reduc-
tion of the elastic energy in the film should then
overcompensate the increase of the interfacial en-
ergy. Additionally, some energy barrier between
two different structural states can exist and must
then be overcome. At a fixed thickness, the temper-
ature affects both the balance between elastic and
interfacial energies and the probability to overcome
the effective barrier. If such a barrier really exists
and the depth of the potential minima on its oppo-
site sides is different, a temperature irreversibility of
the structural transition can be expected. Such an
irreversibility is in fact observed in Fig. 9a: the
4 ML film turns into the new structural state after
heating and keeps this new structure even during
subsequent cooling. The onset of the ferromagnetic
long-range order occurs then at T = 270-280 K
(Fig. 9b), which is the typical Curie temperature for
the Fe film with FCC-like structure expanded only
in the topmost layers (see Fi:g. 8). The initial FCT-
like structure with ¢, =~ 1.9 A (a, for the FCT-like
structure changes to [.85 A after the structural
transition) appears in the same temperature range
(Fig. 9a); two different FCT-like structures (a; =
1.85and 1.9 A) and the FCC-like structure coexist
in a rather extended range of temperatures. Only
after cooling down to temperatures T, of about
120-180 K the system slowly returns to the initial
structural state and to the full magnetization. The
time scale of this process depends on the cooling
procedure and T ;;, and varies from 20 to 30 min to
some hours. i
The appearance of the ferromagnetic FCT-Fe
witha, ~ 1.85 A (placed on the top of the Fe film)
explains some disagreement between temperature
dependences of M, and the ratio I, s(FCTY
I,,4(FCC) observed during cooling (Fig. 9). The
point is that the value of M, represents the joint
saturation magnetization of both ferromagnetic
phases in the system (¢, ~ 1.85 and 1.9 A) whereas
only the FCT-Fe with a, = 1.9 A is taken into
account by the ratio I 45(FCT)/I,+4(FCC). During
heating the FCT-Fe with a, ~ 1.85 A appears only
at temperatures above 310 K which significantly
exceed the value of T, (x270 K) for this specific

structure. The latter does not contribute therefore
to M, which means that during heating both the
saturation magnetization and the ratio [,.5(FCT)/
I,174(FCC) are exclusively related to the FCT-Fe
witha, 2 1.9 A. The whole situation changes, how-
ever, during cooling because the FCT-Fe with
a, ~ 1.85 A does not disappear at T ~ 310 K but
exists in a rather extended range of temperatures.
As soon as the temperature decreases below
%270 K, the FCT-Fe with a, ~ 1.85 A becomes
ferromagnetic and begin to contribute to M, This
is, in fact, observed in Fig. 9 as a strong increase of
the saturation magnetization at T ~ 270 K during
cooling. At the same time the value of I,,5(FCT)/
I144(FCC) is relatively small because of a small
portion of the FCT-Fe with a, ~ 1.9 A. This por-
tion increases with the further decrease of the
temperature (the portion of the FCT-Fe with
a, = 1.85 A decreases at the same time) which re-
sults in the reestablishment of the relation between

M., and the ratio I,,5(FCT)/I;4(FCC).

The maximum temperature to which the 4 ML
film was heated (343 K) is significantly lower than
that for the onset of interdiffusion (410 K [ 15, 36]).
Nevertheless, if some influence of this process on
the structure would take place at lower temper-
atures [37], it should reveal itself in the same way
not only in the 4 ML film but also in the 3 ML film,
where the onset of interdiffusion occurs at even
lower temperature [ 15, 36, 37]. The dependences of
M, and I,,5(FCT)/1,74(FCC) on T for the 3 ML
film are depicted in Fig. 10a and Fig. 10b, respec-
tively, the same scaling as in Fig. 9 being used. The
ratio I(FCT)/I(FCC) in Fig. 9a decreases slowly
with increasing temperature, but has in no way the
same behavior as M, and shows no abrupt chan-
ges between 313 and 333K (as it occurs in the
4 ML film) or in the region of the Curie transition
at ~ 365 K. If the structure of the 3 ML film is,
however, to some extent affected by the temper-
ature, the corresponding changes are not as dra-
matic as in the 4 ML film and do not significantly
influence the magnetic properties. The reversibility
of both dependences in Fig. 10a and Fig. 10b sup-
ports this conclusion. The observed structural and
magnetic transitions are in fact characteristic for
the 4 ML film, which seems to be structurally un-
stable because of the competition of the elastic and
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Fig. 10. Comparison of the temperature dependences of struc-
tural composition and magnetic properties for 3 ML
Fe/Cu(100): the ratio of the intensity of the peaks at 145 and
176 eV in the I(E) curves for the {00) beam {(a), as wsll as
saturation magnetization (b) during heating and cooling of the
sample (indicated by arrows) through the Curie transition. The
kinematic peaks at 145 and 176 €V are related to the FCT-like
{a. ~ 1.9 A) and FCC-like Fe, respectively, Dashed lines repre-
sent a guide to the eye. The same scales as in Fig. 9a and Fig. 9b
are used in (a) and (b), respectively.

interfacial energies. Just increasing the thickness
by 0.5 ML or heating up to 333 K is sufficient to
force the film into the new structural and magnetic
state.

Thus, the strange behavior of the thickness
dependence of the Curie temperature T, in Fe/
Cu(00 1) discussed above can now be explained.
By extrapolating the Td) dependence in Fe/
Cu(1 00) from the range below 3 ML tod = 4 ML,
the thermodynamical Curie temperature of the
4 ML film can be estimated to be approximately
390-400 K. But before the regular Curie transition
can occut, a structural rearrangement takes place.
The new structure which the 4 ML film assumes at
T 2 333 K also possesses ferromagnetic properties,
but the corresponding Curie temperature (270 K)
is significantly lower than 333 K. As soon as the
structural transformation takes place, the film hap-

pens to be above T, for this particular system and
consequently becomes paramagnetic.

The 4.5 ML film also undergoes temperature-
driven structural transformations affecting mag-
netic properties of this film. Whereas two different
FCT-like structures of Fe (a, ~ 1.85 and 1.9 A)
coexist al T = 153 K {together with the FCC-like
Fe), only the FCT-like structure with the smaller
tetragonal distortion (a; ~ 1.85 A) remains after
heating up to 323 K., The latter is located exclus-
ively in the topmost layers of the film and is charac-
terized by the value of T, = 270 K. The FCT-like
structure with the larger tetragonal distortion
(.~ 1.9 A} which we associate with the *bulk’ fer-
romagnetism in Fe/Cu{1 00) disappears com-
pletely in the temperature range between 293 and
313K {Fig. 6). Considering that the value of T, in
4.5 ML film is equal to ~312 K (Fig. 8) one may
reasonably assume that a magnetic order—disorder
transition in this case is also mediated by the tem-
perature-driven structural transformations. This
phenomenon is completely analogous to the case of
4 ML (discussed in detail before) except for the
different phase composition of the film at low tem-
perature.

The fact that two different FCT-like structures
exist in Fe/Cu(l 0 0) should be addressed in more
detail. Both phases are characterized by an en-
larged atomic volume and possess ferromagnetic
properties. The most interesting question which
arises, is whether the magnetic moments of these
two phases are different, because the first-principle
calculations for FCC-Fe [1, 2, 40] give not one but
two ferromagnetic solutions with different values of
the magnetic moment, namely, the so-called high-
spin and low-spin phases, which exclusively exist at
an enlarged atomic volume. This question seems to
be answered negatively by the recent nonlinear
magneto-optical Kerr effect (MOKE) investiga-
tions [22] claiming a constancy in the surface mag-
netization (and consequently, in the magnetic
moment) in the entirely FCT-like Fe film and in the
film expanded only in the topmost layers. These are
the structures where we observe a difference in the
tetragonal expansion of FCT-like Fe. This means
that the magnetic moment of the tetragonally ex-
panded FCC-like Fe/Cu(100) has to be rather
insensitive to the value of the tetragonal expansion.
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Taking into consideration the magnetic-phase dia-
gram [1, 2] which implies an existence of the high-
spin solution in a more or less extended range of the
atomic volume, whereas this range is rather limited
in the case of the low-spin solution, we can claim

that the ferromagnetic FCT-like Fe/Cu(100)

seems to exist as the high-spin phase. This con-
clusion is at variance with inverse photoemission
results for ferromagnetic Fe/Cu(l 00) [41] but in
agreement with the most recent MOKE and spin-
resolved photoemission investigations of this sys-
tem [42, 43].

5. Conclusions

We have shown that the structure of FCC-like Fe
films grown at room temperature on Cu(1 0 0) chan-
ges not only as a function of coverage, as was
found before, but also as a function of temperature.
This phenomenon is observed in the 4 and 4.5 ML
Fe films whose structures are extremely unstable
because of the delicate balance between elastic and
interfacial energies. As the parameter which pre-
dominantly determines the magnetic properties of
FCC-like Fe, namely, the atomic volume, is affected
by the structural transformation, such changes
have a direct impact on magnetic properties of this
system. When these structural transformations en-
compass the whole film, the ferromagnetic long-
range order breaks down completely and the sys-
tem becomes paramagnetic. Thus, a new kind of
magnetic order—disorder transition, namely, a tem-
perature-driven structural rearrangement in thin
epitaxial Fe films on Cu(1 0 0), affecting the exist-
ence of ferromagnetism in the films is observed.
This phenomenon differs fundamentally from the
regular thermodynamical Curie transition, which
occurs when thermal fluctuations of the spins over-
compensate their aligning interaction.

On the contrary, the observed magnetic or-
der—disorder transition mediated by a temper-
ature-driven structural transformation supports
a close relationship between structural and mag-
netic properties of thin films and, in particular, of
Fe/Cu(1 0 0), in complete agreement with first-prin-
ciple calculations and previous experimental in-
vestigations. We believe that the question whether

the ferromagnetism drives the structural recon-
struction (from FCC- to FCT-like structure) or if
the reconstruction with its increase of the atomic
volume yields the ferromagnetism [8], can now be
answered. The strong reduction of the Curie tem-
perature in the 4 ML film because of the temper-
ature-driven FCT-FCC structural transformation
implies a predominant role of the structure in the
interplay between structure and magnetism ob-
served in Fe/Cu(l 00). Nevertheless some minor
influence of the ferromagnetic long-range order on
the film structure cannot be completely excluded.

Additionally, our results indicate a difference in
the value of the average tetragonal expansion for
the entirely expanded FCC-like Fe film and the film
expanded only in the topmost layers, exclusively
the spacing between the topmost and the topmost
but one layer seems to be affected by the expansion
in the latter case. The same change of the tetragonal
expansion is observed both if the structural
transition from the entirely FCT-like Fe film to the
FCC/FCT-like Fe film happens as a result of in-
creasing thickness (from 4 to 5 ML), and if this
transition is driven by increasing temperature (4
and 4.5 ML).

The very simple structural analysis presented in
this paper seems to give reliable results for FCC
Fe/Cu(100). We could distinguish between all
structural phases in this system as well as exactly
reproduce the development of the structure with
film thickness observed previously by detailed
LEED investigations except for the difference in the
average tetragonal expansions for the entirely ex-
panded FCC-like Fe film and the film expanded
only in the topmost layers. This disagreement was
addressed in detail in Section 4. We just want to
note once more that the different average tetrag-
onal expansions in the FCT-like and FCC/FCT-
like Fe films cannot only be implied from the kin-
ematic analysis of the presented I{(E) curves but also
directly traced from these curves as a pronounced
difference in the energy positions of the maxima
associated with FCT-like Fe in the entirely and
partly expanded films, these maxima being well
separated from both the structure related to the
substrate (the entirely expanded FCC-like Fe film)
and the structure associated with the FCC-like Fe
(the film expanded only in the topmost layers).
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