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Structural and Magnetic Properties of Co-Fe Binary Alloy Monolayers on W(110)
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We present an experimental investigation of Co,Fe;_, monolayers grown on flat and stepped W(110)
surfaces. Atomically resolved scanning tunneling microscopy and low energy electron diffraction
reveal continuous miscibility and pseudomorphic growth of Co and Fe for 0 = x < (0.6. We observe
short range ordered CoFe;-p(2 X 2) and CoFe-c(2 X 2) structures in the pseudomorphic monolayer.
High Co concentrations lead to a phase separation. The Curie temperature and the ferromagnetic Kerr
signal at low temperatures decrease monotonically with increasing Co concentration, finally vanishing

at x = 0.5.

DOI: 10.1103/PhysRevLett.90.077201

Concerning the magnetic properties of binary transi-
tion metal alloys, the most relevant information is given
by the Slater-Pauling curve showing a linear increase of
the average magnetic moment for early transition metal
alloys when plotted as a function of the increasing elec-
tron per atom ratio, followed by a linear decrease of the
moment when the average d-band occupation increases
for the latter transition metal alloys, with a maximum
between Fe and Co. In bulk alloys, changes of the effec-
tive d-band occupation are inherently related to structural
changes [1]. In ultrathin alloy films grown epitaxially on
appropriate substrates, the substrate can define the struc-
ture independently from the alloy composition [2-4].
Moreover, ultrathin films show surprising and useful
magnetic properties deviating from bulk properties even
for pure elements [5,6]. This is most pronounced for
ferromagnetic monolayer films [7]. The understanding
of ferromagnetic order in these two-dimensional systems
will substantially improve, when quasi-two-dimensional
monolayers of ferromagnetic alloys can be prepared.

Accordingly, scientific research has focused on ultra-
thin epitaxial alloy films. In Fe;_,Ni, alloy films on
Cu(100), the fcc phase is stabilized, thus suppressing
the Invar effect and revealing a new low-spin phase [2].
For Co,Fe,_, [3] and Ni; _,Pd, [4] alloy films on Cu(100),
the fcc phase can be stabilized, also, and compositional
driven changes of the spin reorientation were observed.
Ordered alloy monolayers were found for GdFe,/W(110)
[8] and NiMn on Ni(111) [9]. Pierce et al [10] observed
for Co,Fe,_, alloy nanowires grown on a vicinal W(110)
surface that Co frustrates ferromagnetic order unlike the
bulk behavior. In their study, however, a phase separation
between Fe and Co as well as an influence of the nanowire
configuration could not be excluded. Phase separation due
to epitaxial stress has been described theoretically [11]
and observed experimentally [12,13]. Thus, it has to be
taken into account for all studies on alloy films even when
the elements are completely miscible in the bulk.

The Co,Fe;_,system is particularly interesting, be-
cause bulk Co-Fe alloys show the largest magnetization
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(for x = 0.3) of all binary alloys [14]. For x < 0.25, the
Curie temperature 7 is below the bcc to fcc structural
phase transition temperature and increases with increas-
ing x [15]. For 0.25 = x < 0.7, the structural phase tran-
sition coincides with T¢. A mean field model preserving
the bcc structure reveals a large maximum in the “vir-
tual” T, for x = 0.5 [16]. Co and Fe are continuously
miscible. The equiatomic alloy forms an ordered alloy
(CsCl) below 1000 K [15].

In this Letter, we show that in Co,Fe,_,./W(110)
monolayers Fe and Co are indeed miscible. The atomic
positions of Fe and Co are characterized by scanning
tunneling microscopy (STM) and low energy electron
diffraction (LEED) revealing a new short range ordered
CoFe; structure in addition to the CoFe structure known
from the bulk behavior [15]. The decrease of T with
increasing Co concentration observed in Ref. [10] is ob-
served for monolayers grown on a flat W(110) surface and
for Au covered monolayers also. Moreover, from mag-
netic properties of thicker Co,Fe; _,/W(110) alloy films,
we find evidence that the frustration of ferromagnetic
order with increasing Co concentration is a ground state
property of the pseudomorphic (ps) Co.Fe,_,/W(110)
monolayer system.

Experiments were performed in ultrahigh vacuum with
a base pressure of 8 X 107! Torr. The tungsten crystal
was cleaned as described previously [17]. We use a W(110)
crystal with a flat and a vicinal surface (steps parallel to
the [100] direction with a mean distance of 9.1 nm) to
compare structural and magnetic properties for extended
monolayers and nanowires, which were prepared in the
step flow growth mode. Fe and Co (99.99% purity) were
deposited simultaneously from BeO crucibles. The evapo-
ration rate was monitored by a quartz balance which in
turn was calibrated by STM images of pure element
coverages ® = (0.5 where pseudomorphic growth is war-
ranted from previous investigations [18,19] for both ele-
ments. ® =1 corresponds to the coverage of one ps
monolayer. In addition to samples of homogeneous com-
position, we prepared samples with a linearly varying
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composition profile (4 mm width) and homogeneous
coverage using a two shadowmask technique. Magnetic
properties were investigated by Kerr magnetometry
(wavelength of light 670 nm) described in Ref. [7].

Co,Fe,_,/W(110) submonolayers form islands when
deposited at T; = 300 K and grow in the step flow growth
mode at 7; = 700 K, similar to pure Fe films [7]. An
intermediate temperature (400 K) is the optimum tem-
perature for the growth of ordered alloy structures as
shown by electron diffraction (LEED). For x < 0.5,
the alloy monolayer appears as a homogeneous atomic
layer for STM images with lower resolution [Figs. 1(a)
and 1(b)], whereas for x > 0.5 phase separations occur
[Fig. 1(c)]. Atomically resolved STM images reveal a
CoFez-p(2 X 2) [20] [Fig. 1(d)] and CoFe-c(2 X 2)
[Fig. 1(e)] ordered alloy structure for Fe rich alloys.
Within the phase separated island, we found a close-
packed (cp) structure in Nishiyama-Wassermann (NW)
orientation [21], similar to the growth of pure Co on
W(110) [19] [Fig. 1(f)], which indicates that the separa-
tion consists of a Co rich alloy. LEED provides better
statistical information. In addition to the (1 X 1) spots
observed for pure Fe films, we observed a p(3 X 2) super-
structure for x = 0.1, which was not found by STM,
and a p(2 X 2) (for 0.1 < x < 0.5) and c(2 X 2) (for 0.3 <
x < 0.8) superstructure, related to the real space images
shown in Figs. 1(d) and 1(e). Superstructure spots cor-
responding to the NW structure are observed for 0.6 <
x=1.0. At T, =700 K or after annealing at 700 K,
the p(2 X 2) and ¢(2 X 2) superstructure spots become
very broad, indicating a short range order of a few unit
cells only, while the (1 X 1) diffraction spots remain
sharp, confirming the ps structure. The monolayer struc-
ture for x < 0.6 thus corresponds to a freezed random
alloy structure.

Figure 2 shows magnetic properties of a Co,Fe,_,
concentration wedge with a fixed coverage of ® = 0.7,
covered by 5 ML of Au. The Co,Fe;_, submonolayer was
prepared at 700 K in order to ensure a step flow growth
mode, which was checked by STM. The Au coverage,
which is known to increase T, for extended Fe/W(110)
monolayers [22] was deposited at 300 K to prevent any
interdiffusion and serves as a protection for residual gas
adsorption. Magnetic properties were determined from
easy-axis magnetization loops, measured for the field
applied along [110]. T, defined as the temperature where
the remnant Kerr rotation vanishes, decreases with in-
creasing Co concentration for extended alloy monolayers
grown on the flat W(110) surface as well as for nano-
stripes formed on the vicinal surface. The nanostripe
structure leads to a lower value of T compared to ex-
tended monolayers for all Co concentrations, similar to
the behavior of pure Fe nanostripes observed previously
[17,23]. This is attributed to the reduced dimensionality
of the quasi-one-dimensional nanostripes formed on the
vicinal surface as has been extensively discussed in
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Ref. [17]. The remnant Kerr rotation measured at the
lowest available temperature (93 K) decreases with in-
creasing Co concentration, and vanishes at x = 0.5.
Similar data for extended monolayers could not be ob-
tained because of the increase of the coercive force at low
temperatures. Our results for the Au coated nanostripes
agree nicely to the results reported in Ref. [10]. From the
coincidence of the decrease of T, for nanostripes and
extended monolayers, we conclude that this behavior is an
intrinsic property of the Co,Fe,_,/W(110) system and
not induced by the nanostripe geometry. It is also not
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FIG. 1 (color online). STM images (100 nm X 100 nm) of
Co,Fe;_,/W(110) pseudomorphic (ps) submonolayers grown
at 400 K, coverage ® = 0.7, for x = 0.3 (a), x = 0.4 (b), and
x = 0.6 (c). Bright areas correspond to a monolayer coverage,
black areas indicate the W(110) substrate. The island indicated
by an arrow in (c) is a close-packed Co-rich segregation, which
occurs for all compositions x > 0.5. The insets show the
LEED images taken at 80, 110, and 170 eV, respectively, from
the same samples. The STM images with atomic resolution
were taken from nominal compositions x = 0.3 [(d) and (e)]
and x = 0.6 (f), and show a CoFe;-p(2 X 2) structure (d)
corresponding to the LEED image shown in (a), a CoFe-c(2 X
2) structure (e) corresponding to the LEED image shown in
(b), and a cp structure (f) taken at the site indicated by the
arrow in (c). Corresponding structure models and rhombohe-
dric unit cells for substrate potential minima (dashed line) and
Fe/Co (full line) are indicated in (d)—(f).
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FIG. 2 (color online). (a) Dependence of the T- on the Co
concentration of a Co,Fe,_, submonolayer (® = 0.7) grown in
the step flow growth mode on flat and stepped W(110) at 700 K
and covered by 5 ML Au at 300 K. T values that correspond to
the last data points must lie below the temperature shown.
Data for bulk Co-Fe alloys [15] are given for comparison.
(b) Dependence of the remnant and saturation Kerr rotation,
Ok, and O ;, on the Co concentration measured at the lowest
achievable temperature for the same sample on the stepped side
of the crystal.

caused by a phase separation of Fe and Co as can be
concluded from our structural analysis described above.
However, it could be caused by a spin reorientation tran-
sition or by a drastic increase of the coercive force with
increasing Co concentration [24,25].

In order to exclude these extrinsic explanations, we
prepared alloy films in the thickness range 1.8—6 ML.
The films were deposited at 300 K providing the best
approximation to a layer by layer growth in this thickness
regime. For pure Fe/W(110) films, it was proven by
Mossbauer spectroscopy [18] that the first monolayer
attached to the substrate stays in the ps state even for
thicker films, while additional Fe grows in (110) orienta-
tion with almost bulk lattice structure. The same growth
mode can be expected for Co,Fe,_, alloy films. The
sample corresponds to a ps Co,Fe;_,/W(110) monolayer
covered by a ferromagnetic coating with a T value close
to the bulk value and a constant easy axis along [110].
Because of the strong ferromagnetic exchange coupling,
ferromagnetic components of the first ps layer will be
polarized along the mean magnetization direction.

We observed easy-axis magnetization loops at 300 K
for the external field applied along [110] for all samples.
For constant Co concentration x, the remnant Kerr
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rotation Og(x, D) increases linearly with the thickness
D (measured in numbers of atomic layers with bulk
structure):

HK(X, D) = eK(x’ 1)[D + DO(X)]’ (1)

similar to the behavior observed for pure Fe films [26]
(see Fig. 3). While the specific Kerr rotation per mono-
layer O (x, 1) shows the well-known bulk behavior [27],
the interface induced contribution Dy(x) decreases con-
siderably with x for small Co concentration and reaches
a minimum of Dy(0.6) = —1.05 ML. 0(x, 1) is almost
independent of temperature below 300 K because the
bulk magnetization shows a minor variation of only a
few percent. Dy(x) is composed of the true ground state
contribution (surface effect) and the temperature de-
pendent size effect Dg,.(T), which describes the en-
hanced temperature dependence of magnetic order in
thin films: Dy(x) = Dgﬂlge/w + DS;;?C/UHV + Dy, (T)
[26]. The size effect for Fe/W(110) and Co/W(110)
films Dg,.(300 K) = —0.5 ML was determined previ-
ously for both elements [26,28] and a similar value can
be expected for the alloy. The surface effect of the free Fe
and Co surface exposed to UHV is positive, reflecting an
enhanced magnetization at the free surface. It has been
measured for Fe(110), DSFfr/fUHV = +0.4 ML [26], and de-
termined by a theoretical calculation for Co(0001),
DEY/VMY = +0.07 ML [29]. There is no reason why the
magnetization at the alloy surface should deviate from
these values considerably. We conclude that the size effect
and the surface effect of the free surface partly compen-
sate each other and that the main contribution to the
observed large negative values of Dy(x) near x = 0.5 is
attributed to the surface effect at the tungsten interface.
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FIG. 3 (color online). Dependence of the specific Kerr rota-
tion per monolayer 0g(x, 1) and the interface contribution D,
on the Co concentration, determined by linear fits of 6x(x, D),
as shown exemplarily in the inset.
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Assuming a linear interpolation between the size effect
and the surface effect of the free surface for Fe and Co
films, we obtain D°F/Y = —0,7(1) ML, which corre-
sponds exactly to the frustration of ferromagnetic order
in the ps CoFe/W(110) monolayer. The cp Co-rich phases
formed at the tungsten interface for x = 0.6 can appear-
ingly be polarized, which would explain the increase of
Dy(x) for x = 0.6.

As a result of the 3d electron states, the existence of
ferromagnetic order is related to whether the Stoner
criterion IN(Er) > 1 is fulfilled or not, where N(Ey) is
the density of states (DOS) at the Fermi level (Ef) in
the paramagnetic phase, and I denotes the Stoner parame-
ter which is an intra-atomic quantity and is known to
depend only little on crystal environment [1]. The Stoner
criterion states that ferromagnetism appears when the
gain in exchange energy is larger than the loss in kinetic
energy. Ab initio band structure calculations reveal that
in bulk (bcc) Fe the electron states in the paramag-
netic phase are filled up before the maximum of the
DOS is reached [1]. For small Co concentrations, the
band structure is not changed except for an increasing
d-band filling. An increasing band filling with increasing
Co concentration then leads to an increase of N(Eg), thus
explaining the increase of T, observed for bulk CoFe
alloys. For an Fe/W(110) monolayer, instead, Ej is
shifted to a higher energy and is placed beyond the
maximum of the DOS [30]. An increasing band filling
then would lead to a decrease of N(Er) and as a conse-
quence of the Stoner model decrease T, which is ob-
served in our experiment.

Although the magnetization is not proportional to
the Kerr rotation, the specific Kerr rotation varies only
little with x. Therefore, we take the Kerr rotation as a
rough measure for the magnetization. The decrease of
magnetization at low temperatures observed for
Co,Fe;_,/W(110) monolayers with increasing x might
be attributed to a filling of d holes, similar to the proper-
ties of alloys on the right branch of the Slater-Pauling
curve. The initial reduction of the Kerr rotation with
increasing x corresponds to a reduction of Ay = 2.9ug
per additional d electron (assuming a ground state mo-
ment of 2.5ug per atom for the Fe/W(110) monolayer
[31]). This is in sharp contrast to the Slater-Pauling be-
havior of Ay = 1ug per electron.

In summary, we prepared a quasi-two-dimensional
ferromagnetic alloy and observed short range ordered
CoFe; and CoFe structures. Magnetization and T de-
crease with increasing Co concentration. The decrease of
Tc can be explained by the Stoner model, modified for
Co,Fe;_,/W(110) monolayers. Quasi-one-dimensional
alloy nanostripes formed on the vicinal surface show
reduced values for 7.
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