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Structural, electronic, and magnetic properties of pseudomorphic CrFe nanostripes on W(110)
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We have grown pseudomorphic binary Cr;_,Fe, alloy monolayers and sequences of Cr and Fe nanostripes
on W(110) by molecular-beam epitaxy in ultrahigh vacuum. By coadsorption of Cr and Fe a pseudomorphic
random CrFe alloy grows on the W(110) substrate. At a substrate temperature of 700 K the CrFe alloy forms
monolayer stripes in the step flow growth mode. We have measured magnetic properties of the monolayer alloy
for 0.75<x=1 using Kerr magnetometry. At a constant relative temperature t=7/T the saturation value of
the Kerr rotation shows a maximum at x=0.95 and then decreases with decreasing Fe concentration vanishing
at x=0.75. The Curie temperature 7 shows a similar dependence on the composition. For x=0.75 scanning
tunneling spectroscopy reveals conductivity maxima in the unoccupied local density of states near the Fermi
level at constant energies independent of the Cr concentration. This behavior can be explained by a simple
model of d-band filling, similar to the explanation of the Slater-Pauling curve for binary alloys. We demon-
strate the growth of artificially heterogeneous structures using sequential deposition of Fe and Cr. The tem-
perature dependence of the multistripe growth and interdiffusion is investigated. Appropriate deposition pa-

rameters allow the growth of a two-dimensional analogon to an Fe-Cr-Fe spin valve.
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I. INTRODUCTION

The increasing ability to prepare nanostructured materials
on an atomic level has enormously extended the knowledge
on the interplay of structure, electronic, and magnetic prop-
erties. As an example, the finding of an oscillating magnetic
coupling between two ferromagnetic films separated by a
nonferromagnetic interlayer of a few nanometer thickness!*
has not only rapidly led to a wide variety of applications
including read heads of hard disks and sensors in automotive
applications, but has also initiated the new research field of
spin electronics.?

Within this field ultrathin epitaxial films have always
played a leading role as a model case because of their well
defined structure.* Single atomic layers grown on suitable
substrates provide the unique possibility to determine struc-
ture and magnetic properties of all deposited material down
to the atomic level.’

While the magnetic properties of pure element monolay-
ers have been investigated to a considerable extent,®’ the
magnetism of alloy monolayers and heterogeneous monolay-
ers will provide new insights into the local ferromagnetic
ordering mechanism.®-!! Similar to bulk properties of binary
alloys, the continuous variation of electronic and magnetic
properties with the average number N of electrons per atom
(Slater-Pauling curve)'? might serve as a guideline for the
prediction of properties of random alloy monolayers using
the rigid-band model.!®!3-16 The prominent question is to
what extent the magnetic and electronic properties of ultra-
thin films with a two-dimensional character can be described
by similar models as used for bulk materials. Besides the
deposition of homogeneous random alloy monolayers it is
tempting to prepare well defined heterogeneous lateral
structures,'” i.e., a sequence of monolayer stripes of different
elements offering the possibility of a microscopic lateral
view on electronic coupling mechanisms.

Pseudomorphic  (ps) Co,_,Fe,/W(110) monolayers
showed a decreasing Curie temperature with decreasing Fe
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concentration, in contrast to the behavior of bulk alloys.®-'0
A phase separation of Co rich islands was observed only for
high Co concentrations. Fe,Mn;_, monolayers grow pseudo-
morphically and thermodynamically stable on W(110), too,
independent of the alloy composition.'® The Curie tempera-
ture and the Kerr rotation decreases with decreasing Fe con-
centration for Fe,Mn,_,/W(110) monolayers. As supported
by scanning tunneling spectroscopy these findings were ex-
plained by a simple model of d-band filling.'®

We focus on the properties of pseudomorphic
Cr;_,Fe,/W(110) monolayers for compositions 0.75<x
=< 1.0, covering the range of ferromagnetic alloy monolayers.
Cr atoms possess two electrons less compared to Fe atoms
thus allowing for a test of the simple model of d-band filling.
We also investigate the possibility to grow heterogeneous
nanostructures by sequential deposition of pure Fe and Cr
monolayers. We demonstrate that a sequence of Fe-Cr-Fe
multistripe can be grown starting at substrate step edges for
appropriate deposition conditions, in close analogy to the
Fe-Cr-Fe trilayer, the prototype of antiferromagnetic cou-
pling investigations. The Cr monolayer provides an interest-
ing interstripe since ab initio calculations predict an antifer-
romagnetic ground state for the Cr/W(110) monolayer.'3

II. EXPERIMENT

The experiments were carried out in an ultrahigh vacuum
chamber (UHV, p<1X107'° Torr) equipped with a four-
grid low-energy electron diffraction (LEED) optics and an
Omicron “Micro-STM” for measurements at room tempera-
ture. The single-crystal W(110) surface was cleaned by
cycles of annealing in an oxygen atmosphere at 1200 K and
subsequent flashing at 2000 K. As a consequence of the
sample transfer, the thermocouple could not be fixed to the
sample itself, but only to the sample holder. Consequently,
absolute temperature values comprise a common error of
about +10 K. Therefore we calibrate absolute temperature
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values for temperatures below room temperature by the Cu-
rie temperature of the elemental Fe monolayer [T-(ML)
=225 K].,° thus conserving the smaller error of relative tem-
peratures (1 K).

For the preparation of random alloy monolayers we si-
multaneously deposited Fe and Cr (99.99% purity) from BeO
crucibles with a rate of 0.1 ML/min at a substrate tempera-
ture of 300 K. After the deposition we annealed the samples
at 700 K. Sequential deposition leading to heterogeneous
monolayer structures was performed at various substrate
temperatures as discussed below. The pressure increases dur-
ing evaporation to p=2X 107! Torr. The evaporation rate
for both elements was monitored by a quartz balance which
in turn was calibrated by scanning tunnel microscope (STM)
images of pure element depositions covering approximately
half of the substrate. The pseudomorphic growth of the first
monolayer then enables an absolute determination of the de-
posited number of atoms. A pseudomorphic monolayer (ps-
ML) corresponds to 0.82 bulk monolayers in the (110) plane
both for Fe and Cr, because the almost equal bulk lattice
constant for Fe and Cr is =9% smaller than the W lattice
constant.

Magnetic properties were investigated in the preparation
stage using Kerr magnetometry (wavelength of light
670 nm) as described in Ref. 6. Using a compensation tech-
nique, we measured the Kerr rotation in absolute units, as a
function of temperature 7T and external field H. The external

field was applied along [110], i.e., along the easy axis.

Differential conductance dI/dU spectra were measured by
scanning tunneling spectroscopy (STS), using a lock-in tech-
nique with a 8.44-kHz bias voltage modulation of 50 mV.
All bias voltages denote sample voltages with respect to the
tip. For STM and STS we have used a Ptgylr, tip cut under
tensile stress from a thin wire.

III. GROWTH AND SCANNING TUNNELING
SPECTROSCOPY OF RANDOM
ALLOY MONOLAYERS

The growth of elemental Fe/W(110) (Ref. 19) and
Cr/W(110) (Ref. 20) monolayers have been studied previ-
ously using STM. Both elements grow pseudomorphically
on W(110) forming a (1 X 1) structure [for Cr/W(110) see
Ref. 21]. While Fe grows in the step flow growth mode at
elevated temperatures Cr was reported to form one-
dimensional nanostructures.?’ A step flow growth mode was
reported for the Cr monolayer on Mo(110).>? From the fact
that the Cr/W(110) system is similar to Cr/Mo(110) with
respect to symmetry, misfit (aw—ac,/ac,=8.6%), and sur-
face free energies ye,=2.3 Jm™2, yw=3.3 Jm~2, one would
expect a similar growth mode for the two elements and for
the alloy as well.

In our study step flow growth has indeed been observed
independent of the composition. Figure 1 shows the mor-
phology of a Cry3Fe;7/W(110) submonolayer deposited at
T=300 K and after annealing at 700 K. The adsorbed mono-
layer forms continuous stripes attached to the substrate steps
similar to the growth of elemental Fe. Because of the large
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FIG. 1. (Color online) STM image (200200 nm) of a
Crj 3Feq7/W(110) submonolayer film (coverage ®=0.7) deposited
at 300 K and annealed at 700 K. The alloy monolayer appears at a
larger topographic height (lighter color) than the bare W(110) sur-
face. The LEED pattern (E;=80 eV) shows a (1 X 1) pattern of a
bee(110) surface indicating the pseudomorphic growth. Tunneling
parameters are /=600 pA, U=1 V.

free surface enthalpy of the W substrate, the monolayer is
thermodynamically stable, i.e., islands of more than mono-
layer thickness do not appear even at higher annealing tem-
peratures. From the homogeneous appearance of the ad-
sorbed alloy layer we conclude that no phase separation
takes place. The Fe and Cr atoms form a random alloy mono-
layer.

The LEED pattern (Fig. 1) shows a p(1 X 1) pattern. The
absence of additional spots confirms the pseudomorphic
structure of the adsorbed alloy monolayer. Similar LEED
patterns were observed for compositions 0.5<x=<0.9. The
LEED pattern is far from being similarly sharp as for the
W(110) surface. This is not surprising, taking into account a
chemical disorder for the random alloy. A p(1X 1) pattern
similarly sharp as for the W(110) surface appears for the pure
element monolayers. From the LEED pattern we conclude
that Fe and Cr atoms occupy exclusively regular W lattice
sites.

In particular, we did not observe a p(2X 1) or a ¢c(2X2)
superstructure for the Cr/W(110) monolayer, as would be
expected for an antiferromagnetic order predicted by
theory.!® However, in our case the lowest possible tempera-
ture for LEED (150 K) is likely too high since we expect a
lower Néel temperature. For the Fe/W(110) monolayer
T~(ML) is roughly a factor 5 smaller than the corresponding
bulk value. Applying the same factor to the bulk Néel tem-
perature of Cr (300 K) one would expect Ty(ML)=65 K for
the Cr/W(110) monolayer.

The growth mode of alloy monolayers from island growth
at room temperature to the step flow growth mode at 700 K
is qualitatively similar for all compositions. However, the
investigation of the submonolayer growth of elemental Cr
reveals that Cr atoms exhibit a higher mobility on the
W(110) surface at a given deposition temperature compared
to Fe atoms. Cr forms monolayer islands with larger sizes
than Fe at the same substrate temperature. On narrow ter-
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FIG. 2. (Color online) Differential conductivity (dI/dU) spec-
trum (full line) measured on ps-ML areas of CrqsFe( o5/ W(110).
Data shown result from an average of =10 individual spectra. The
sample voltage modulation is 50 mV and the tip was stabilized at
U=0.7 V and =600 pA. The transmission function F is shown as a
dashed (red) line.

races (<20 nm) Cr forms already stripes at room tempera-
ture (300 K). Contrarily, Fe grows in islands at this tempera-
ture.

The high mobility of Cr atoms on W(110) seems to be in
disagreement with Ref. 20 reporting the formation of parallel
plow furrows with a distance of 5 nm during growth of Cr on
W(110) at room temperature. However, we observed a simi-
lar morphology as in Ref. 20 for the initial growth of Cr on
a carbon contaminated W(110) surface. Carbon is a common
contamination for W surfaces forming well-defined super-
structures. It is likely that the C atoms act as nucleation
centers for the Cr islands.

For the spectroscopic measurement we prepared a series
of Cr,_,Fe,/W(110) submonolayer films with a variation of
the concentration in steps of Ax=0.05 in the range of 0.75
< x = 1. The differential conductivity dI/dU was recorded on
top of the pseudomorphic monolayer areas directly after
preparation. The stabilization parameters (U=+0.7 V, [
=600 pA), applied before the feedback loop was opened for
measuring the tunneling spectra, were kept constant. These
parameters determine the tip distance from the surface and
strongly influence the relative peak heights, which might ex-
plain differences between our results and results reported
previously.'6-23:24

Spectra were measured with increasing sample bias start-
ing at U=-1 V. A comparison of these data to spectra mea-
sured with decreasing voltage confirms that peak positions
are not significantly shifted. In order to reduce the noise we
averaged at least ten single spectra taken at random positions
on each structure. This procedure also averages local varia-
tions of the electronic structure.

Figure 2 shows a dI/dU spectrum for x=0.95. The differ-
ential conductivity yields information on the local density of
states (LDOS) of tip and sample. Assuming a constant den-
sity of states for the tip dI/dU might be approximated as
dl/dUxD(Ep)D(Ep+eU)F(eU—-Ey). The smooth back-
ground function F(eU—Ep) is mainly given by the tunneling
transmission probability.® In order to correct the spectra for
the transmission probability and emphasize the peak struc-
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FIG. 3. (Color online) Differential conductivity (dI/dU) spectra
(open circles) normalized to the voltage-dependent tunneling
transmission function F, as obtained for pseudomorphic
Cr;_Fe,/W(110) monolayers.

ture related to the local density of states the dI/dU spectra
were normalized by F(E—Ey) which in turn was determined
by a fit to the experimental spectra outside the peak regions.

Figure 3 shows normalized spectra for x=0 and 0.75<x
=< 1. The tunneling spectra reveal significant variations for
samples with only slightly varying composition. We attribute
variations in the absolute dI/dU values and in the relative
peak heights to different effective tip shapes and tip-samples
distances.

For CrFe alloys with 0.75<x=<1 we observe peaks at
AE=E-Ep=2.3 ¢V and 0.3 eV for nearly all compositions.
The data for x=0.8 represent an exception. Weak peaks occur
at AE=E—Ep=0.5 and 1.5 eV, while the peak at 2.3 eV is
absent. We assume that this is an experimental artifact due to
contamination.

The peaks at 0.3 and 2.3 eV are emphasized in Fig. 3 by
the vertical lines. Both peaks were observed previously for
the elemental Fe/W(110) monolayer'®?* and also for the
Fe/Mo(110) monolayer®® at a slightly higher energy
(0.4 eV). Since the peaks do not shift with composition their
origin is likely similarly independent of x. The observation
of peaks at constant energetic positions is in contrast to the
continuous shift towards lower energies with decreasing Fe
concentration observed for Fe,Mn,_,/W(110).'°

The peak at 2.3 eV might be attributed to a flat d-band
structure calculated at 2.2 eV,?”-?® both for minority and ma-
jority electrons. The peak at 0.3 eV is characteristic for the
Fe(110) monolayer since it was observed both for
Fe/Mo(110) and Fe/W(110) and also for various tip
materials.!23-26 However, ab initio calculations do not indi-
cate a high density of states value at 0.3 eV, but instead a
prominent double peak structure at 0.8 <<AE<1.4 eV >
which was not observed in our experiment.

184419-3



METHFESSEL, PRATZER, AND ELMERS

40 F
e Cr
FeIOOCr0 05T
20
0
— 20
)
g 40
= 4 Fe C Fe Cr
3 eg() rlo 85 15
@ 20
’ w W
20
-40

100 50 0 50 100 7100550 0 50 100
p H (mT)

FIG. 4. Magnetization loops measured for Cr;_.Fe /W(110)
submonolayer films (©@=0.7 ML) at T/T-(ML)=0.9. For x<0.85
no Kerr signal was detected.

The spectrum of the elemental Cr monolayer on W(110)
shown for comparison in Fig. 3 strongly deviates from the
spectra observed for the Fe rich CrFe alloy monolayer. A
broad maximum appears at 0.7 eV while the conductivity is
low at the previous maxima.

IV. MAGNETIC PROPERTIES OF RANDOM
ALLOY MONOLAYERS

Using Kerr magnetometry we measured hysteresis loops
after the samples have been cooled down to 155 K. A series
of magnetization loops was measured without active cooling
during slowly warming up in order to avoid pumping vibra-
tions. The temperature changes during one loop by only 5 K.
Except close to T the magnetic properties will not change
severely in this temperature range. Figure 4 compares loops
for Cr,_,Fe,/W(110) submonolayer films with a constant
coverage of ®=0.7 ML and at a constant relative tempera-
ture of T/T~(ML)=0.9.

The coverage ®=0.7 ML avoids the formation of double
layer areas. On the other hand, it is large enough to certify
that laterally averaged magnetic properties are nearly inde-
pendent of the coverage.® STM images reveal a large varia-
tion of terrace widths from 10 to 200 nm although the W
surface was polished with an accuracy of 0.1°, which is typi-
cal for W crystals.® As a consequence, some nanostripes are
narrower than 10 nm. Their lower Curie temperature broad-
ens the observed phase transition. However, the area com-
prising these very narrow terraces is quite small. The average
terrace width is about 40 nm.

At a relative temperature of T/T-(ML)=0.9 a nonzero
magnetization signal can be observed for x=0.85. For all
compositions we observe easy axis loops at low tempera-
tures, i.e., the remnance signal equals the saturation signal.
This observation confirms that the easy axis is parallel to
[110], similar as for Co,_[Fe /W(110) and FeMn,_,/
W(110) monolayers. At T/T-(ML)=0.9 the coercive field
and the Kerr rotation angle 0, at saturation increase from
x=1 to x=0.95 and decrease again with further increase of
the Cr concentration. This is likely indicative for a maximum
of the magnetization at x=0.95 since the magnetooptical
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FIG. 5. (Color online) Dependence of the remnant and satura-
tion Kerr rotation, 6, and 6, on temperature for a
Crj gFep,/W(110) submonolayer film (©=0.7 ML).

constants typically vary only slightly with composition. The
maximum of the Kerr rotation persists at higher tempera-
tures. Below T/T-(ML)=0.9 the coercive force exceeds our
maximum available field for x=0.95 thus prohibiting a mea-
surement of the Kerr signal at lower temperatures.
Temperature-dependent data for the remnant and satura-
tion Kerr rotation, 6k, and 6 ;, were obtained using a four-
point measurement of Ok, and ¢k, from data taken at H
=+H,.. H=0, H=-H,,,, and H=0 with wuH,,,=0.1 T.
Thus the temperature resolution could be significantly in-
creased. As shown in Fig. 5 for x=0.8 and x=0.95, the rem-
nant signal vanishes at the Curie temperatures 7/T (ML)
=0.89 and T/T-(ML)=1.03, while the saturation signal mea-
sured at uoH=0.1 T could be detected at still higher tem-
peratures. The saturation signal does not approach zero but a
constant positive value. We define a critical temperature 7
indicative for the loss of the saturation signal at the inclina-
tion point of 6 (7). For Cry,Fe;s/W(110) we thus obtain
T,/ To(ML)=0.95.
Vanishing longitudinal signals could be due to a change of

the easy axis from the in-plane [110] direction to the out-of-
plane [110] direction. If such a spin reorientation of the easy
axis with increasing Cr concentration were present one
would expect a gradual change from easy axis loops to hard
axis loops, which was not observed. Moreover, the magnetic
crystal anisotropy of the Fe monolayer supporting the shape
anisotropy with in-plane easy axis is very large.3® Therefore
we assume that the easy axis remains in-plane for all com-
positions.

Figure 6 summarizes values of T, and T, obtained for
various compositions. The Curie temperature 7 and the
critical temperature 7, show a maximum for x=0.95 and then
decreases with further increasing Cr concentration. The de-
creasing rate of the Curie temperature with increasing Cr
concentration [ATq(x)/Ax]/To(ML)=—(1.3£0.2) X 1072 is
smaller than the rate of -1.8X1072 observed for
Mn,_,Fe,/W(110). The overall composition dependence of
Tc(x) is surprisingly similar to the bulk behavior of the cor-
responding binary CrFe alloy.?
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FIG. 6. (Color online) Dependence of the Curie temperature 7
on the alloy composition of a Cr,_,Fe, submonolayer (©=0.7).
Bulk values (Ref. 29) are shown for comparison.

V. GROWTH OF HETEROGENEOUS
MONOLAYER STRUCTURES

Heterogeneous lateral structures were prepared by se-
quential deposition of the elements Fe and Cr in analogy to
the preparation of multilayers. We first deposited an Fe cov-
erage of 0.3 ps-ML at a substrate temperature of 700 K. Fe
monolayer stripes grow starting at the W substrate steps. Af-
ter cooling down to 300 K we deposited 0.3 ps-ML Cr.

The topography observed by STM (Fig. 7) clearly shows
two adjacent monolayer stripes with a well defined boundary
between them. For the STM image we have chosen an area
with exceptionally narrow terrace widths. The limited mobil-
ity of adsorbed atoms at a deposition temperature of 300 K
leads to island formation on wider terraces. However, com-
paring the growth of Fe and Cr on W(110), the mobility of
Cr is much higher at room temperature compared to that of
Fe.

FIG. 7. (Color online) (80X 40) nm? STM (a) and STS images
(b) of a sequentially deposited double stripe of Fe (0.3 ML) depos-
ited at 7=700 K and Cr (0.3 ML) at T=300 K on W(110) (U
=0.24 V, I=0.55 nA). Marks denote the distinct areas of the bare
substrate (1), the Fe stripe next to the substrate edge (2), and the Cr
stripe (3) comprising a topographical step at the right side. Crystal-
lographic low-index directions point along the vertical [001] and
horizontal [110] directions.
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FIG. 8. (Color online) (50 X 50) nm? STM (a) and STS images
(b) of a sequentially deposited double stripe of Fe (0.3 ML) depos-
ited at 7=700 K and Cr (0.3 ML) at T=300 K on W(110) (U
=0.24 V, I=0.55 nA) after annealing at 560 K. Crystallographic
low-index directions point along the vertical [001] and horizontal

[110] directions.

From the sequence of deposition it is obvious that the left
stripes next to the step consists of Fe while the right stripes
consist of Cr. On the topographical image the Fe stripes ap-
pear with a larger height than the Cr stripes. This effect can
also reflect differences in the electronic structure. The dI/dU
map measured simultaneously reveals a higher conductivity
on the Fe stripe compared to the bare W substrate and the Cr
stripe. This is in agreement with the peak observed at
+0.3 eV in the Fe spectra (see Fig. 3).

Because the Cr stripe was deposited at lower temperature
the stripe edge appears not very smooth and shows instead a
pronounced meandric structure. This corresponds to an is-
land growth occurring for three-dimensional growth. In an
attempt to straighten the step edge we annealed samples as
shown in Fig. 7 to higher temperatures. Up to 7=500 K we
did not observe any morphological changes. An annealing
temperature of 560 K, however, already leads to a noticeable
interdiffusion of Cr and Fe as shown in Fig. 8. At this an-
nealing temperature an inhomogeneous monolayer has
formed with brighter and darker areas. The brighter areas of
the monolayer, indicating a larger height in the topographical
image and higher conductivity in the spectroscopic image,
might be attributed to Fe areas in agreement with Fig. 7. The
bright areas cover more than the expected half of the nanos-
tripe area. The domination of the bright areas might result
from the fact that the dI/dU spectra of a Cr;_,Fe, monolayer
shows a peak at +0.3 eV for a range of compositions 1=<x
=<0.25 (see Fig. 3). Thus the bright areas indicate not only
pure Fe regions but also Fe-rich Cr;_,Fe, monolayer areas.

Figure 9 shows the result of sequential deposition in re-
versed order compared to Fig. 7, i.e., the Cr stripe was de-
posited first. The second deposited Fe forms noncontinuous
stripes at the low deposition temperature of 300 K. Both the
topographical and the conductivity map reveal a contrast at
the boundaries between them. In the topographical image the
Cr stripe appears slightly relaxed downwards with respect to
the W(110) layer distance, while the Fe monolayer shows a
larger height. A quantitative evaluation of the tip height dif-
ference results in a downward relaxation of —10+2% for Cr
and +10+2% for Fe both measured relative to the W(110)
layer distance.

Minimization of total energies in an ab initio study pre-
dicted a relaxation of the Cr-W layer distance with respect to
the bulk W(110) layer distance of —16% (Ref. 18) for the
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FIG. 9. (Color online) (180X 70) nm?> STM (a) and STS images
(b) of a sequentially deposited double stripe of first Cr (0.3 ML)
deposited at 7=700 K and then Fe (0.3 ML) at 7=300 K on
W(110) (U=0.44 V, I=0.6 nA). Marks denote the distinct areas of
the bare substrate (1), the Cr stripe next to the substrate edge (2),
and the Fe stripe (3) comprising a topographical step at the right
side. (c) Topographical profile along the line indicated in (a). Posi-
tions of Fe and Cr stripes are indicated.

nonmagnetic state, —14% for a p(2 X 1) antiferromagnet, and
—10% for the p(2 X 1) antiferromagnet with the lowest total
energy. A reduction of —13% of the Fe-W layer distance was
found from a combined experimental and theoretical inves-
tigation of LEED intensities for Fe/W(110).3!

In our experiment the Cr-W distance appears considerably
smaller than the Fe-W distance. Assuming that the integrated
conductivity for Fe/W(110) is similar to Cr/W(110) this
difference might reflect at least partly a true topographical
difference. In the theoretical results a smaller relaxation for
Fe than for Cr occurs only for the case of a nonmagnetic Cr
state. Therefore one might infer that the Cr monolayer is in
the nonmagnetic state. However, one should keep in mind
that STM measures a convolution of actual layer height and
differences in the integrated dI/dU value.

For the preparation of triple Fe-Cr-Fe stripes, we in-
creased the deposition temperature of the Cr stripe just below
the interdiffusion temperature to avoid island formation on
wider terraces. Figure 10 shows an example of a triple stripe
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FIG. 10. (Color online) (100X 100) nm?> STM (a) and STS im-
ages (b) of a sequentially deposited triple stripe of Fe (0.3 ML)
deposited at 7=700 K and Cr (0.3 ML) at 7=500 K and a second
Fe stripe at T7=340 K on W(110) (U=0.24 V, I=0.55 nA). Marks
denote areas of the bare substrate (1), the two Fe stripes (2), and the
intermediate Cr stripe (3). Crystallographic low-index directions

point along the vertical [001] and horizontal [110] directions.

where we sequentially deposited an Fe stripe (0.2 ML) at T
=700 K, a Cr stripe (0.3 ML) at T=500 K, and finally again
an Fe stripe (0.2 ML) at T=340 K. The three stripes can be
easily distinguished in the dI/dU map. A clear boundary be-
tween the stripes indicates that a massive interdiffusion has
been avoided. Moreover, the observed coverage corresponds
to the deposited material. The increased substrate tempera-
ture during the Cr deposition step clearly leads to a straighter
boundary between the Cr stripe and the second Fe stripe. The
temperature during the deposition of the second Fe layer was
further reduced in order to inhibit an incorporation of Fe
atoms into the Cr layer. Possibly this could not fully be
avoided as concluded from the inhomogeneous dI/dU signal
within the Cr interstripe. The low deposition temperature
leads to the creation of islands on the wider terraces. A few
double layer islands show up on the center terrace. The is-
land growth can be avoided at a higher deposition tempera-
ture on the expense of an increased interdiffusion.

The change of the tip height across the triple stripe is in
agreement with the double stripe systems shown in Figs. 7
and 9. The Cr monolayer appears lower than the Fe mono-
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layer. This again confirms the formation of a triple stripe
system with the intended sequence of stripes.

Surprising is the change of the spectroscopic contrast:
While in Figs. 7 and 9, Cr stripes appear darker (lower
dI/dU value) than Fe stripes, Fig. 10 shows a reversed con-
trast. A similar reversed contrast appeared for lower Cr depo-
sition temperature. In this case Cr islands are surrounded by
a rim of lower conductivity caused by the Fe monolayer
deposited in the third deposition step again at 340 K. The
change of the conductivity may be caused either by interdif-
fusion or by residual gas contamination, i.e., adsorption of
carbon monoxide or hydrogen. Adsorption of residual gases
is not unlikely since Cr appears particularly reactive. On the
other hand, in the case of Fig. 10 the third stripe was depos-
ited at 340 K instead of 300 K, which might increase the
mobility of Cr atoms considerably and allow for an inclusion
of few isolated Fe atoms adsorbed on the Cr layer in the third
deposition step. The Fe impurities might change the local
conductivity very efficiently, while the topographical height
remains constant.

VI. CONCLUSION

In contrast to experimental results for random FeMn and
CoFe alloy monolayers we observed prominent peaks in the
dl/dU spectra at constant energy values, indicating that elec-
tronic states are not shifted with increasing Cr concentration
in the alloy monolayer.

This is surprising at first glance because Cr has two
d-electrons less than Fe. Considering a rigid-band model one
would expect a decrease of the mean number of electrons in
d bands with increasing Cr concentration. Counting exclu-
sively d electrons would result in a reduction of d electrons
twice as much as for Mn for a given concentration. Accord-
ing to the rigid-band model the reduction of d electrons
would result in a decrease of the Fermi energy. Because the
Fermi energy defines the zero point on our energy scale one
expects a shift of the prominent peaks towards higher energy.

In the case of FeMn a shift in the opposite direction oc-
curred, indicating an effect that was already predicted by
Friedel,’> namely an emptying of the occupied 4s states of
Mn into the d states of the alloy. The 4s electrons of Mn thus
overcompensated the reduction of the initial number of d
electrons.

Adopting the same consideration to the present case of
CrFe alloys, the mean number of original d electrons is de-
creased by ANj,=cAZ with increasing concentration ¢ be-
cause of the difference of the atomic number of Cr and Fe
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AZ=-2. The total number of the original Cr 4s electrons that
can be emptied into the d electron sea is given by AN,
=2c. For the case of Cr one obtains a total change of the
number of d electrons of AN;;=c(2+AZ)=0. The number of
Cr 4s electrons and the lack of 2d electrons compensate each
other. This consideration predicts a constant level of
d-electron states for CrFe alloys while MnFe alloys should
show a decrease of the peak positions with respect to the
Fermi energy. Thus the prediction is in nice agreement with
the experimental observation.

For the case of Co;_Fe,/W(110) and Mn,_,Fe ./W(110)
monolayers the decrease of the peak positions of unoccupied
states towards the Fermi edge was related to a decrease of
Tc. In the case of Cr,_,Fe,/W(110) the peak positions re-
main constant and one would expect a constant 7. Indeed,
we observe an almost constant value for 7~ at least for very
small Cr concentrations. This is in contrast to the case of
Co,_,Fe,/W(110) and Mn,_,Fe /W(110) where T, de-
creases linearly with increasing Mn or Co concentration.

The rigid-band model is a very crude approximation of
the change of electronic states in alloys. It may serve as a
rough guideline only. Progress of computational power will
allow future band-structure calculation that can explain the
observed features in more detail. Nevertheless, it will be very
interesting to investigate the case of V,_Fe ,/W(110) alloy
monolayer where a shift of the peak positions in the direction
of higher energies is expected.

A measurement of the magnetic properties of the hetero-
geneous multistripe system would be quite interesting. The
large variation of the stripe widths, which is due to the varia-
tion of the terrace width, likely causes a compensation of
local exchange coupling effects by averaging if nonlocal
probes are applied.

In summary, pseudomorphic Cr,_,Fe /W (110) binary al-
loy monolayers show characteristic maxima in the local den-
sity of states independent of the alloy composition. For small
Cr concentrations this effect is related to an almost constant
value of T. For higher Cr concentrations 7 decreases simi-
lar to the behavior of bulk alloys. A sequential deposition
method for the preparation of artificially structured two-
dimensional magnetic systems has been demonstrated.
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