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Magnetism of Epitaxial fcc-Fe(100) Films on Cu(100) Investigated in Situ by
Conversion-Electron Mossbauer Spectroscopy in Ultrahigh Vacuum
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Ultrathin films (10 to 17 monolayers) of fcc Fe(100) grown epitaxially on Cu(100) are unambiguous-
ly found to be paramagnetic at 295 K by *’Fe conversion-electron Méssbauer spectroscopy in UHV.
Below Tn=65=%5 K, fcc-Fe films are magnetically ordered and show a small average hyperfine field,
e.g., 1.1 T at 29 K for 10 monolayers, indicating a small atomic magnetic moment. This demonstrates
that fcc Fe(100) stabilized at a lattice constant close to that of Cu has an antiferromagnetic ground

state.

PACS numbers: 75.70.Ak, 75.50.Bb, 76.80.+y

The extreme volume dependence of the ground-state
magnetic properties of bulk fcc (y-)iron predicted by
electronic band-structure calculations'’? has stimulated
new theoretical and experimental activity recently.
Since pure bulk fcc Fe only exists at high temperatures,
fcc Fe must be stabilized down to very low temperatures
either as small y-Fe precipitates in a Cu matrix® or as
thin epitaxial y-Fe films on a Cu substrate.® While anti-
ferromagnetism (AF) in y-Fe precipitates with a small
atomic magnetic moment of =0.7up is generally accept-
ed,'®!! contradicting results on the type of magnetic or-
der in epitaxial y-Fe films have been reported. Fer-
romagnetism (FM) at 295 K has been inferred from
magnetization measurements'>!> on Cu-coated -
Fe(111) films up to 80 A thick. To the contrary,
Mossbauer results'4'® from Cu-coated y-Fe(100), y-
Fe(110), and y-Fe(111) films (18-25 A thick) have
demonstrated paramagnetism (PM) at 295 K and AF
below T’w==80 K. In addition, polarized-neutron dif-
fraction from Cu-coated fcc Fe epitaxied to Cu(100) and
Rh(100) indicated no in-plane ferromagnetism at 300
K.'7 Recently, conflicting results of PM'®!° and
FM 202! at 295 K for uncoated epitaxial fcc-Fe films of
up to several monolayers thickness in UHV have been
reported. Electronic band-structure calculations indicate
FM in a surface layer, but AF in the interior of the fcc
Fe(100) film.!"” FM at the surface of fcc-Fe films has
been observed experimentally.'®?? For a fcc-Fe(100) bi-
layer on Cu(100), recent calculations? indicate strongly
enhanced Fe magnetic moments and show the ferromag-
netically coupled Fe bilayers at the Cu lattice constant
have a lower total energy than antiferromagnetically
coupled bilayers.

In this Letter we report the first in situ measurement
of the local magnetic properties of ultrathin (10 to 17)
monolayers (ML) fcc-(y-)Fe(100) films pseudomorphi-
cally grown on Cu(100) surfaces under UHV conditions.
The purpose of our experiments is to investigate the
magnetic hyperfine interaction and its temperature
dependence in well-prepared and well-characterized fcc-

Fe(100) films with the aim of solving the crucial conflict
of ferromagnetism or antiferromagnetism in fcc-Fe films
on Cu. Our films can be considered almost like bulk fcc
Fe, since the electronic structure of 4-ML fcc Fe(100)
has been found to be almost bulklike.?’ Using energy-
differential 3'Fe conversion-electron Mossbauer spectros-
copy (DCEMS) in UHV we find unambiguously that
uncoated (bulklike) fcc-Fe(100) films on Cu(100) are
paramagnetic at 295 K and magnetically ordered below
Tn=65%+5K.

A review of the DCEMS method was given else-
where.?3 K conversion electrons of 7.3 keV are emitted
after deexcitation of *’Fe Mossbauer nuclei, and elec-
trons leaving the sample surface are detected by use of
an electron spectrometer?*2’ of 2.7% energy resolution.
For the present experiment we have chosen 6=75°
(6=angle between the selected electron emission direc-
tion and the sample surface normal) and a specrometer
energy setting of 7.35 keV, implying ¢ =42° between y-
ray direction and surface normal. Sample cooling by
liquid helium is achieved by a UHV cold-finger-type flow
cryostat. The system is equipped with a four-grid LEED
optics for low-energy electron diffraction and retarding-
field Auger-electron spectroscopy (AES). The base pres-
sure of our UHV system was 2x10 "' Torr. A *’Co
Mossbauer source of =100 mCi activity (in Rh matrix)
has been used.

For the deposition of Fe films, substrates of 600-A-
thick epitaxial Cu(100) films were prepared by elec-
tron-beam evaporation onto air-cleaved NaClI(100) crys-
tals maintained at 320°C. Subsequently, fcc-Fe films
were obtained by evaporation of (95% enriched) 'Fe
metal from a resistivity heated alumina crucible at a rate
of 0.2 A/min onto the Cu(100) surface which was held
at 200°C. The pressure during evaporation was better
than 5x10 7!0 Torr. Directly after Fe film preparation
the contamination of the surface by impurities was
recorded by AES: Traces of C, Cl, and S (and no traces
of O) have been detected. Since, in the present study,
we are not interested in magnetic properties of the top-
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most surface layer of fcc-Fe films, but only in properties
of the film interior, some surface contamination is of
minor importance for the present problem.

The basis for pseudomorphic growth of fcc Fe on Cu is
the similarity of lattice constants of Cu (3.615 A at 295
K) and y-Fe (3.588 A at 293 K, extrapolated from bulk
y-Fe data?® above 910°C, or 3.5757 A at 80 K mea-
sured for y-Fe precipitates in Cu.?’ Figure 1 shows a
p(1x1) LEED pattern of a 11-ML fcc-Fe film at 295 K
which is typical for all of our y-Fe films. The observed
LEED pattern is identical to that of the underlying sub-
strate film implying pseudomorphic growth of fcc
Fe(100) on fcc Cu(100). There is no indication for a
LEED pattern of bec (a-)iron.'* Our LEED patterns
for fcc Fe(100) are in agreement with those described in
the literature for clean y-Fe(100) surfaces.'618:21:28.29
fcc-Fe(100) films prepared under similar growth condi-
tions (150-200°C) closely follow the structure of bulk
Cu,?%? and grow predominantly in a layer-by-layer
mechanism.? Evidence for growth of flat Fe films is
provided by our AES signal measured at 61 eV for Cu
and 47 eV for Fe, and comparison with Fig. 2 of Ref. 22
obtained for atomically flat Fe(111) layers on Cu(111):
The relative AES amplitude [relative to the bulk, and
corrected for the 15% larger atomic area density of
(111) planes as compared with (100) planes] was found
to be less than 2% for the Cu signal and 97% for the Fe
signal with our 10-ML Fe(100) film, indicating complete
coverage of the Cu(100) substrate by Fe without sig-
nificant island formation.

Figures 2(a) and 2(b) show typical DCEM spectra of

FIG. 1. p(1x1) LEED pattern of 11-ML fcc Fe(100) on

17 and 10 ML fcc Fe(100) at 295 K, respectively. These
spectra could be least-squares fitted by Lorentzian lines,
i.e., a main single line and a less intense (asymmetric)
pair of quadrupole-split lines. The main single line has a
linewidth (FWHM) of 0.31 mm s~ ' which is only
slightly broader than the observed linewidth of the inner
two lines of an a-Fe calibration foil (e.g., 0.28 mm s ~').
The measured isomer shift of the single line (relative to
a-Fe at 295 K) of —0.085(3) mm s ~! for a 17-ML film
and —0.077(5) mm s ! for a 10-ML film is identical
within error limits or very close to the isomer shift of
paramagnetic fcc y-Fe precipitates in a Cu matrix [e.g.,
—0.088(3) mm s ™! at 295 K (Refs. 14 and 16)]. This
similarity provides clear evidence for paramagnetism of
our fcc-Fe(100) films at 295 K. The complete absence
(in Fig. 2) of spectral lines typical for a-Fe indicates the
absence of bec Fe, in agreement with our LEED result.

The less intense quadrupole-split component in Figs.
2(a) and 2(b) has been attributed to Fe atoms with a
certain number of Cu neighboring atoms and located at
the Fe-Cu interface.'> For the y-Fe(100)/Cu(100) in-
terface at 295 K, we obtain a quadrupole splitting
AEg=73e%qQ of 0.57(5) mm s ~' and an isomer shift of
+0.02(2) mm s ! (relative to a-Fe at 295 K), in fair
agreement with values obtained on Cu-coated y-Fe(100)
films.'> The intensity ratio I,/I, of the two quadrupole
lines obtained from computer fitting is 1.9 +0.7, with
the intensity /7, at more positive velocities. This asym-
metry has been interpreted '’ in terms of a positive elec-
tric field gradient component ¥V, oriented preferentially
perpendicular to or out of the film plane, in agreement
with our observation.

From the relative spectral area of the interface lines
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FIG. 2. DCEM spectra from fcc-Fe(100) films on Cu(100)

Cu(100) at 78-eV electron energy. [A (11) spot of the quad-
ratic diffraction pattern is hidden by the sample holder.]

for (a) 17-ML Fe at 295 K, (b) 10-ML Fe at 295 K, and (c)
10-ML Fe at 29 K.
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the width of the interface can be estimated. The relative
area of the interface component amounts to 13.6% of the
total area for a 17-ML y-Fe(100) film and increases to a
value of 25.5% for the thinner 10-ML y-Fe film [Figs.
2(a) and 2(b)]. By using the Monte Carlo computed
weight function3® (probability of electron escape and
detection as a function of escape depth) for our experi-
mental DCEMS arrangement, we can estimate from the
measured spectral areas that the interface involves 3.8
atomic layers for the 17-ML y-Fe film, and 3.3 atomic
layers for the 10-ML y-Fe film, i.e., an about constant
number of atomic layers independent of y-Fe film thick-
ness. This indicates that the y-Fe/Cu interface is by no
means sharp despite the rather low substrate tempera-
ture (200°C) chosen in order to minimize interdif-
fusion.?® Obviously, for all our films a constant amount
of 3 to 4 atomic layers forms an alloyed interface region.
Thus the observed quadrupole-split subspectrum is a
mean spectrum averaged over an about 3.5-ML-thick
interface, implying that an electric field gradient is still
observable up to the third or fourth interfacial atomic
layer.

Clear evidence for magnetic ordering of our fcc
Fe(100) films is provided by a drastic broadening of the
y-Fe line at lower temperatures, e.g., at 29 K for 10-ML
y-Fe(100) [Fig. 2(c)]. This observation is analogous to
the case of y-Fe precipitates in Cu below their Néel tem-
perature where a reduction of temperature leads to in-
creasing line broadening due to an increasing degree of
antiferromagnetic ordering.!'" The antiferromagnetic
state in y-Fe is indicated by a line broadening only, since
the magnetic hyperfine-field saturation value (~2.4 T
for large precipitates) is of the order of the nature
linewidth due to a small Fe atomic moment, and thus the
full six-line Zeeman pattern cannot be resolved.'l!413
The similarities in the low-temperature spectra of y-Fe
precipitates and of our y-Fe(100) films suggest that anti-
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FIG. 3. fcc-Fe line intensity (peak intensity) vs tempera-
ture for 10- (triangles) and 17-ML (circles) fcc Fe(100) on
Cu(100).

ferromagnetic ordering occurred also for the latter. The
spectrum shown in Fig. 2(c) was least-squares fitted as a
hyperfine-field distribution for the y-Fe component, plus
a Lorentzian quadrupole pair for the interface com-
ponent. The average hyperfine field of the y-Fe film ob-
tained from this fit is 1.1 T at 29 K which is of similar
magnitude as that of antiferromagnetic y-Fe precipitates
in Cu at that temperature. The observed difference in
the y-Fe isomer shift between the 29 K and the 295-K
spectra (0.099 mm s ~!) is a thermal red shift.

The magnetic transition temperature has been deter-
mined by the “thermal scan” method. The result
(corrected for the small thermal red shift) indicates a
drastic drop of the y-Fe peak intensity due to magnetic
ordering at Ty =65+ 5 K (Fig. 3). Note that the same
Tn value is observed for 10- and 17-ML fcc Fe. This
proves that Ty is not a superparamagnetic blocking tem-
perature, and that our Fe films do not consist in super-
paramagnetic islands, because the superparamagnetic re-
laxation frequency (and thus the blocking temperature)
would strongly depend on island size, i.e., on film thick-
ness. Our observed T'n value is in very good agreement
with the Néel temperature of larger y-Fe precipitates in
Cu (Tn=67 K),'! thus strongly supporting the concept
of antiferromagnetism in bulklike fcc Fe(100) films on
Cu(100).

Recent LEED studies?®?’ seem to indicate that “an-
nealed” fcc Fe/Cu(100) films (prepared at 150-200°C,
as in our case) closely follow the structure of bulk Cu
(within +0.05 A), while fcc-Fe films prepared at 295 K
(“unannealed”) show a thickness-dependent variation of
the Fe interlayer spacings®® up to 6-7-ML Fe where the
spacing approaches that of bulk Cu. If we consider this
effect, together with the calculated extreme volume
dependence of magnetic properties of fcc Fe,'”” FM re-
ported recently?®?! for unannealed ultrathin (thickness
<4 ML) fec-Fe(100) films is most likely related to their
expanded interlayer spacings. On the other hand, PM at
295 K was reported in fairly thick (bulklike) fce-
Fe(100) films'®!® (thickness =8 ML), in agreement
with the present result. Since higher preparation tem-
peratures are required in the latter cases, the observed
interdiffusion within 3-4 ML at the interface might des-
troy the interlayer expansion within that region, thus
destroying ferromagnetism of that part of the film and
leaving paramagnetism (at 295 K) of an alloyed inter-
face and of the remaining pure (bulklike) part of the Fe
film.

In summary, our in situ investigation of 10- and 17-
ML epitaxial (bulklike) pure fcc-Fe(100) films with a
structure close to that of Cu gives clear evidence for
paramagnetism at 295 K, and strongly suggests antifer-
romagnetism at low temperature in low-moment (bulk)
fcc Fe, in agreement with calculations by Kiibler.?
Thus, our result contradicts previous reports of purport-
ed ferromagnetism at 295 K in equally thick (bulklike)
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pure fcc-Fe films on Cu.'?!3
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FIG. 1. p(1x1) LEED pattern of 11-ML fec Fe(100) on
Cu(100) at 78-eV electron energy. [A (11) spot of the quad-
ratic diffraction pattern is hidden by the sample holder.]



