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Direct correlation between the structure and magnetism of thin epitaxial Fe on Cu(100)
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A systematic study of the structure and magnetism of epitaxial iron films deposited on Cu(100) is

reported. For clean room-temperature growth conditions a succession of four diAerent crystalline
reconstructions is observed, which appear to be related uniquely to four diAerent magnetic behaviors,
as detected by magnon light scattering and the magneto-optical Kerr eA'ect.

There is considerable current interest in thin epitaxial
magnetic layers. ' In particular, numerous studies have
been directed at the Fe/Cu(100) system, which in princi-
ple allows fcc-Fe films to be produced. The stable phase
of Fe at room temperature is bcc, but the extrapolated lat-
tice parameter of fcc-Fe is =3.59 A, close to that of
Cu(100) (3.61 A). The magnetism of such films has been
investigated by spin-polarized photoemission, the sur-
face magneto-optic Kerr eff'ect (SMOKE), ' Mossbauer
spectroscopy, magnon light scattering (MLS), and
scanning electron microscopy with polarization analysis,
among others. The structure of such films has been ana-
lyzed independently with various elastic ' and inelas-
tic' '" techniques, and more recently with scanning tun-
neling microscopy (STM). ' In fact, many superstruc-
tures have been found that appear to depend both on film
thickness and on growth conditions, such as substrate tem-
perature and contamination. This may account for the
wide variety of results —some apparently contradictory—that are found if the magnetism is correlated solely to
the film thickness. This is further complicated by the
various growth modes. In the experiments presented in

this paper, we use Auger and low-energy electron
diffraction (LEED) for growth characterization together
with MLS and SMOKE for the determination of the film
magnetization. By varying the growth conditions we con-
clude that a direct correlation exists between the crystal-
line reconstructions of the films and their magnetism.

The films are prepared and characterized in a three-
chamber ultrahigh-vacuum (UHV) system allowing in
situ growth, transfer, and analysis of the magnetic films.
The base pressure in the growth chamber is 7x10
Torr and never exceeds 1.5x10 ' Torr during evapora-
tion. The Cu single-crystal substrate is oriented within 1'
of the [100] direction as checked by Laue diff'raction.
After optical quality mechanical polish, it is cleaned in

UHV by cycles of gentle Ar+ sputtering (500 eV) and an-
nealing at 450 C. After this, the C and 0 Auger signals
are below the detection limit and the LEED shows a sharp
(I x I ) pattern. The Fe source is constructed like a
molecular-beam-epitaxy source except for additional
electron-bombardment heating of the iron which is direct-
ly sublimated from a high-purity rod. The temperature
stability is within ~ 1 C at 1050 C. The deposition rate
is 0.3 atomic layers (AL) per minute as calibrated by
three independent methods: Auger, scanning profilome-
try, and optical transmission of thick films deposited on

glass. The C and 0 contamination in the layer is belo~
1%, which is just above the detection limit. In a first
series of experiments, the substrate temperature is kept at
300 K during growth. Chambliss, Wilson, and Chiang re-
cently observed that under these conditions, layer-by-layer
growth takes place up to at least 4 AL with some inter-
mixing of Fe and Cu during growth within the first layer
only. ' We also systematically checked that appreciable
interdiffusion of Fe and Cu does not occur at 300 K for
periods of up to 2 days, as the relative intensities of the Fe
(650 eV) and Cu (850 eV) Auger signals remained con-
stant (to better than 0.5%) before and after the MLS
measurements.

Figure 1 shows the evolution of the LEED patterns in
function of the Fe film thickness. Below 2.5 AL the
growth appears to be epitaxial fcc. Above 2.5 AL a recon-
struction with an nx1 pattern, where n=4, . . . , 5, is ob-
served. Above 6 AL, the reconstruction becomes 2x 1,
with very elongated new symmetry reAections of very low

5.

(c)

FIG. 1. LEED patterns obtained for epitaxial films of Fe on

Cu(100). (a) 2.0 AL (at 123 eV); (b) 3.6 AL (at 113 eV); (c)
9.5 AL (at 115 eV); (d) 20 AL (at 123 eV).
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contrast compared to the fcc spots [see Fig. 1(c)j. These
reconstructions and the corresponding thicknesses agree
with the observations of Landstron et al. " who reported a
5X1 pattern up to 6 AL, followed by a 2x1 pattern. A
4X 1 pattern has also been reported, ' which we observe
only for growth on cooled substrates as described below.
These reconstructions, and other similar ones, have re-
cently received much attention. " ' ' The patterns can
be accounted for by a lateral displacement of top layer
atoms. '3 Obviously, the periodicity is frequently inter-
rupted which leads to an appreciable elongation of the
spots as seen in Figs. 1(b) and 1(c). The 2X 1 pattern is

observed up to 17 AL where it suddenly changes markedly
as seen in Fig. 1(d). We call the latter reconstruction
"pseudo-bcc, " because the outside LEED spot positions
correspond to the bcc lattice spacing, while remaining
spots suggest a coexisting 3X1 structure. Up to 40 AL,
both types of spot coexist.

The above results are strongly dependent on growth
conditions. For example, a combined oxygen and carbon
contamination of about 2% each leads to an immediate
2&2 reconstruction. '" Under clean growth conditions,
and if the substrate surface is not annealed after sputter-
ing (rough surface), the 5 x I reconstruction is not as

sharp as in Fig. 1(b), but it persists up to at least 8 AL.
Finally, for clean growth on flat substrates cooled to
—120 K, the 5 x 1 reconstruction gives way to a 4X 1 pat-
tern at -6 AL, and this n 1xstructure (n=4, . . . , 5)
persists up to at least 10 AL. In that case the LEED pat-
tern loses contrast with increasing thickness.

After deposition, samples are transferred in UHV to an
analysis chamber whose base pressure is below 5X10
Torr. Here, MLS and SMOKE are performed. For this
purpose, we use a 5145-A argon laser, and apply a mag-
netic field H perpendicular to the plane of incidence of the
light. The reflected beam is used to perform transverse
SMOKE. For MLS the incoming light is polarized in the
plane of incidence. The backscattered light is analyzed
for its depolarized component and focused on the entrance
pinhole of a tandem six-pass Fabry-Perot interferometer
of very high contrast and luminosity. ' Typical spectra

are illustrated in Fig. 2. The peak centered at zero fre-
quency is due primarily to elastically scattered light which
is used to maintain the tuning of the instrument. It is
much larger than the inelastic signal, and is not shown in

Fig. 2. The peaks at frequency shifts + m to the left and
right of the central peak correspond to creation and an-
nihilation of a magnon, respectively. No phonon contribu-
tions are seen owing to the polarization selection rules.
MLS is an excellent technique to observe magnetic excita-
tions, ' as it is sensitive down to the monolayer. o

We performed MLS on numerous films corresponding
to the structures of Fig. 1. Films below 2.5 AL show nei-
ther magnon peaks nor transverse SMOKE signals, which
also hold true upon cooling down to 160 K. Well recon-
structed 5X I films (between 3 and 6 AL) show an MLS
signal of the type illustrated in Fig. 2(a). At low field the
magnon peaks are broad and ro(H) decreases with in-

creasing field, as shown in Fig. 3(a). Beyond a critical
field H,

„
the magnon peaks become narrow and their fre-

quency dependence is reversed. This indicates that the
zero-field magnetization is out of plane and that it tilts in

plane at H„. Above 6 AL, the 2&1 reconstructed films

do not show magnon peaks within the range —1 to
—1000 GHz, and from room temperature down to —160
K. Neither are we able to detect a transverse SMOKE
signal. Polar SMOKE signals and spin-polarized photo-
emission have been reported for this thickness range, with
an anomalous decrease of the Curie temperature with in-

creasing thickness. ' ' Above 17 AL, the pseudo-bcc
reconstruction leads to the signals shown in Figs. 2(b) and
3(b). The monotonic dependence of ro on H indicates an
in-plane magnetization.

The data from Fig. 3(a) are fitted using the magneto-
static approximation and taking into account the first-
(K„i)and second- (K„2)order uniaxial anisotropies.
The exchange in the layer is negligible owing to the small
scattering wave vector (q =1.73X10 cm '). The
second-order uniaxial anisotropy afects the ro(H) depen-
dence only in the out-of-plane regime [the dashed line in

Fig. 3 is for K„2 Ol. In order to obtain good fits we had
to allow the gyromagnetic ratio g to be a free parameter.
The fits gave values for g always lower than 2.1, some-
times as low as 1.4, an unexpected result for iron.
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FIG. 3. The dependence of the magnon frequency on the ap-
plied field for the two films, shown by (a) and (b), in Fig. 2.
The fits are explained in the text.
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Such low g factors were already reported for similar lay-
ers covered with copper. The most likely origin for this
difficulty lies, we-believe, in the spatial variation of the
uniaxial anisotropy. The first uniaxial anisotropy constant
is proportional to a surface anisotropy K, and inversely
proportional to the film thickness s, K„!=K,/s. Spatial
inhomogeneity of these films, even for an integer number
of layers, is expected due to growth in patches. ' A varia-
tion of + 1 AL on a 3 AL film produces then a strong
fluctuation on K„~, which reduces the significance of
fitting with a homogeneous-thin-slab model. However,
the field H,„atwhich ro(H) reaches its minimum [see Fig.
3(a)l does not depend on g. The corresponding effective
saturation magnetization, —H„=(M., ),a —=M, —2K& i/
poM, „defines a mean value of the uniaxial anisotropy con-
stant K„~.The effective magnetization has been plotted in

Fig. 4. The frequencies from pseudo-bcc films are well

fitted with g =2. 1 [solid line in Fig. 3(b)], when we allow

only for first-order magnetocrystalline anisotropy K[ in

the magnetostatic approximation. We have measured
that the easy magnetization axis lies along the [100]
direction of the copper substrate. For the measurements
shown here the magnetic field was applied in that direc-
tion. The only fit parameters were the saturation magne-
tization M, and K~. The resulting magnetizations are
shown in Fig. 4. The corresponding values of K! increase
with thickness, from 0.36 to 0.54X10 3/m, remaining
close to the iron bulk value of 0.42&10 (Ref. 27). The
measured coercitive fields for these layers are above 5

kA/m.
Each symbol in Fig. 4 is measured for a different film.

Films for which no MLS signal was obtained are shown

by symbols on the abscissa. We know that our spectrome-
ter is sufficiently sensitive to detect a ferromagnetic signal
in very thin films. For example, a 2x2 reconstructed Fe
film of -2 AL exhibited a strong magnon peak with an
ro(H) dependence typical for in-plane ferromagnetism.
The absence of a MLS signal is thus a strong indication
for the absence of usual ferromagnetism. For the thinner
films in Fig. 4, this is in qualitative agreement with the re-
sults of Liu, Moog, and Baders and suggests that the Cu-
rie temperature is indeed very low. ' For the films that
exhibit a 5 x 1 reconstruction, after a rapid onset the abso-
lute value of the effective magnetization shows a clear ten-

dency to decrease for the thicker films. Forcing the n x1
structure (n =4 or 5) to persist to thicknesses above 6 AL
by evaporation on either a cold or rough substrate as ex-
plained above, this behavior of the effective magnetization
was found to continue, thus yielding in-plane signals from
=6 AL on. By contrast, as soon as the 2x 1 reconstruc-
tion is observed, no MLS signal is obtained. The latter
films are clearly not ferromagnetic in the usual sense, al-

though films in this thickness range have been reported to
give polar Kerr signals as well as spin-polarized photo-
emission. ' ' In fact, we find that in the range from —6 to
at least 10 AL, films can be prepared with two different
crystalline reconstructions which exhibit correspondingly

1000

E 5oo—

V
v &

0
tU
N

(D

-100

0

-200

o 1x1

& 5x1

& 2x1

v pseudo - "bcc"

distinct magnetic properties. Our observation of a change
of magnetic regime around 6 AL is consistent with the
structural result of Magnan etal. ' who reported that
even the first iron layers at the interface with the copper
must reorder when the thickness of the iron is increased
from 3.5 to 8.4 AL. The films above 17 AL have a rnag-
netization which increases with thickness, but remains
about 0.6 times the bulk value. This is presumably related
to the structural difference between these films and bulk
bcc.

This evolution of magnetization with film thickness is

rather surprising, and it appears to be clearly related to
relatively minor changes in the LEED patterns. The
above observations establish a direct correlation between
magnetism and details of the crystalline structure for Fe
films on Cu(100). Spin-polarized band-structure calcula-
tions of bulk fcc Fe have indicated the possibility that
several different magnetic states exist depending on small

changes of the lattice parameter: nonmagnetic, low-spin

ferromagnet, antiferromagnet, and high-spin ferromag-
net. z Clearly the reconstructed films have a more com-

plicated structure than bulk fcc, but different reconstruc-
tions could clearly correspond to different effective lattice
parameters. Our results emphasize the importance of ob-

serving the structure in magnetic studies of thin epitaxial
films. Much remains to be done to understand these ob-

servations in detail, particularly in relation to the evasive

magnetism of the 2&1 reconstructed films. Also, a care-
ful STM measurement of the topography could presum-

ably establish the real-space atomic ordering related to
the LEED patterns.
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FIG. 4. The effective magnetization at zero field derived from
MLS spectra as a function of film thickness. The different sym-
bols correspond to different structures as observed in LEED.
The negative magnetization scale is expanded by a factor of 5.
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