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N. Weber, K. Wagner, H. J. Elmers, J. Hauschild, and U. Gradmann

Physikalisches Institute, Technische Universität Clausthal, D-38678 Clausthal-Zellerfeld, Germany
~Received 3 October 1996!

Pseudomorphic Fe~110! films, prepared on W~110! at room temperature, with a mean thickness of roughly
1.5 monolayers, consist of double-layer islands with a diameter of the order of 10 nm which are ferromagnetic
~superparamagnetic! at room temperature, surrounded by a monolayer sea which becomes ferromagnetic below
222 K. Magnetic anisotropy is uniaxial in both components, but the easy axis spatially switches between
perpendicular to the plane for the islands and in the plane for the monolayer sea. The intimate interconnection
of exchange coupled components with orthogonal anisotropies induces a rich variety of new micromagnetic
phenomena. @S0163-1829~97!01322-2#

Recently, considerable interest has been shown in lateral
magnetic nanostructures ~LMN’s!, which can be prepared
either artificially1–3 or by self-organization during film
growth.3–7 Whereas artificial LMN’s are candidates for
ultrahigh-density magnetic storage and sensor technologies,
basic nanomagnetic phenomena can be studied in self-
organized LMN’s as well. Scanning tunneling microscopy
~STM! offers the unique possibility to analyze the magnetic
phenomena of these two-dimensional ~2D! systems based on
a detailed nanostructural information, which is not available
in 3D cases.

We report on LMN’s in which uniaxial ferromagnetic
components with easy axes perpendicular and parallel to the
film plane, respectively, are intimately interconnected on a
10-nm scale. The samples of our study are sesquilayers
~sesqui 5 one and a half! of pseudomorphic Fe~110! on
W~110!, prepared at room temperature. Films of this type
have been investigated before, and puzzling magnetic phe-
nomena have been observed. Weber et al.8 prepared them up
to a thickness where Tc reached 300 K and then observed a
striking sensitivity of Tc on submonolayer coverages of Fe,
Pd, Ag, and O2. Back et al.9 verified in such films a 2D
scaling of the critical properties with outstanding precision.
Elmers et al.7 observed a striking suppression of remanent
magnetic long-range order between 1.2 and 1.5 monolayers
~ML!, Sander et al.6 observed high coercivities of the order
of 0.3 T at 140 K near 1.4 ML. It has been recognized before
that one key for understanding these phenomena is given by
the nanostructure of the films,7,6,10 which are composed of
ferromagnetic ~superparamagnetic! double-layer ~DL! is-
lands, surrounded by a monolayer sea which becomes ferro-
magnetic below 222 K.4,11 We will show that the easy axis of
the magnetic DL islands is perpendicular to the plane,
whereas that of the monolayer sea is @11 0# in the plane. This
spatial switching of the magnetic anisotropy induces a new
class of micromagnetic phenomena. It has been overlooked
so far because both the ML and the extended DL ~and thicker
films! are magnetized along @11 0# in the plane.4,7

Our Fe films were prepared on atomically smooth and
clean W~110! substrates held at room temperature, in two
separate UHV systems for STM and magnetometry, respec-
tively, with a growth rate of about 2 ML/min and a ratio of
thickness to residual gas exposure better than 20 ML/L ~1

L51 langmuir5 1026 Torr s). The structure of a typical film
is shown in Fig. 1. The mean DL island area is 70 nm2.
Magnetic properties could be measured in situ at 120 K
<T<500 K using torsion oscillation magnetometry
~TOM!,12,13 supplemented by longitudinal and polar
magneto-optical Kerr magnetometry ~MOKE!. In TOM, we
follow small amplitude torsion oscillations of the sample,
suspended on a thin torsion filament, and measure a mag-
netic torque constant R as a function of a homogeneous ex-
ternal field H . The interpretation is easy and quantitative for
the case of a uniaxial ferromagnet or superparamagnet with
anisotropy energy F5KVsin2F, for the case of the ‘‘normal
orientation’’ of the easy axis12 ~nearly! parallel to H . R and
H are then connected with the magnetic moment m ~or m*
5m0m) and the magnetic anisotropy field HK52K/Js by

R/H5m*/~11H/HK!. ~1!

For the ‘‘anomalous orientation’’ of the easy axis at right
angles to H , one obtains negative values of R/H ,12 which

FIG. 1. STM image of a pseudomorphic Fe~110! film on W~110!, pre-
pared at 300 K, with a coverage u51.45, consisting of DL islands on a ML
sea, with lagunalike sections indicated by ~L!. Incipient misfit dislocations
are seen in a few islands only. The STM images were taken in a system
separate from that of the magnetometric measurements shown in Figs. 2–4
under comparable UHV conditions.
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against deposition time shows a clear change of slope at
the completion of 1 ML, and allows the calibration of the
flux current in nA min/ML31. The error in the calibra-
tion is 5%. A previous study has shown that the flux
calibration is linear in ion current, and stable in time
over the time periods required to grow films while the
magnetic susceptibility is being measured in real time32.
For this type of measurement, the uncertainty along the
deposition axis derived linearly from the deposition time
is entirely accounted for by the uncertainty in the original
flux calibration using AES.

The magnetic susceptibility of the films was measured
using the magneto-optic Kerr e↵ect (MOKE)33. A HeNe
laser beam passed through a polarizing crystal, a UHV
window, scattered from the sample at 45o, exited through
a second UHV window, passed through a second polariz-
ing crystal nominally crossed with the first, and was de-
tected by a photodiode. A pair of current coils produced
an a.c. magnetic field at 210 Hz that was aligned with
both the in-plane magnetic easy axis and the scattering
plane of the laser. The intensity changes in the photodi-
ode signal, induced by optical rotation in the magnetic
film via the longitudinal Kerr e↵ect, were detected using
a lock-in detector. This gave the susceptibility directly
in nrad/Oe. Optical compensation for the UHV windows
provided sensitivity of 10 nrad/Oe for the susceptibility
measurements. The real and the imaginary (dissipative)
parts of the susceptibility were measured simultaneously
using the in- and out-of-phase components of the signal
from the lock-in amplifier.

Two types of measurements were made. For the mea-
surements of �(T ) at constant ✓, films were grown at
room temperature and were not explicitly magnetized.
They were subsequently cooled to near 120 K and the
susceptibility was measured in a small, 0.7 Oe a.c. field
as the temperature was raised at 0.2 K/s to 400-500 K.
Previous studies have shown that a field of this ampli-
tude produces a linear response in the critical region28.
Since the temperature during the measurement exceeded
the growth temperature of the film, it is possible that
some annealing of the sample occurred. This is expected
to be a minor e↵ect, since in this system e↵ective anneal-
ing resulting in important structural changes and wet-
ting does not occur until at least 600 K.11,28 For the
measurements �(✓) as a function of deposition, the sub-
strate was cooled to, and maintained at, the constant
target temperature. After the oscillating magnetic field
was started, the shutter on the evaporator was opened
and the susceptibility was recorded as a function of time.
The evaporator monitor current was maintained at 0.35
nA, which corresponds to about 5 min/ML. Because of
the short time that the films were exposed to the residual
gas in the UHV chamber, the magnetic reorientation due
to gas adsorption observed in previous studies34 is not a
factor in the current study. Films were grown and simul-
taneously measured for a range of constant temperatures
from 160 to 450 K. Again, it is not expected that the film
growth will be substantially di↵erent across this temper-

FIG. 1. The magnetic susceptibility measured as a function of
temperature for a series of films with di↵erent total deposition
of Fe on W(110). Each curve is labelled by the amount de-
posited. The real part of the susceptibility is indicated by the
solid line, and the imaginary part is indicated by the dashed
line.

ature range, but it is important to keep this possibility
in mind when analysing the data set.

IV. REAL-TIME MEASUREMENTS OF
PERCOLATION IN A 2D MAGNETIC FILM

The study began with a series of measurements of �(T )
for films with fixed deposition, in order to confirm the
presence of the percolation transition and determine its
location in the phase diagram. A selection of the mea-
surements are shown along a common temperature axis
in fig.(1). Measurements for films with ✓ < 1.00 ML Fe
(not shown) have no response at the noise level; a 1.00
ML Fe film has a very broad response just above the
noise level that would not be visible on the scale of the
figure. This broad response is larger for the 1.10 ML
film, and peaks up significantly for the 1.20 ML film. At
1.33 Fe ML the narrow peak in the susceptibility is qual-
itatively consistent with a critical phase transition. The
measurement of the 1.63 ML Fe film has a narrow, well-
defined peak with width�TFWHM/Tc comparable to the
width in previous reports of the 2D Ising Curie transi-
tion for films near 2.00 ML28,31. The maximum of the
imaginary response is at a lower temperature than that of
the real response, indicating greater dissipative losses on
the low temperature side of the peak in Re �(T ). Since
greater losses are normally associated with domain pro-
cess present in the ferromagnetic phase, this indicates a
transition from the ferromagnetic to paramagnetic state
as temperature is increased. These data suggest that a
percolation transition may occur near to ✓=1.20 ML Fe.

5

FIG. 2. A representative sample of the magnetic susceptibility
measured as a function of deposition while the Fe/W(110)
films were being grown at constant temperature. The real
part of the susceptibility is indicated by the solid line, and
the imaginary part is indicated by the dashed line. The data
has been binned in increments of 0.004 ML.

A representative sample of susceptibility traces mea-
sured at constant temperature as the films were being
grown are shown in fig.(2). The susceptibility has a re-
markably narrow peak just above ✓=1.20 ML Fe, when
the temperature is 315 K or lower (the susceptibility in
these data traces has no response above the noise level
below 0.90 ML). For the measurement made at 350 K, the
peak shifts to higher deposition. In all cases, the peak in
the imaginary response is at higher deposition than the
peak in the real response, indicating a paramagnetic to
ferromagnetic transition as the deposition is increased.
The results of measurements on a large number of films
is summarized in fig.(3). Each symbol marks the tem-
perature and deposition at which the real part of the
susceptibility has a maximum for the individual samples.

FIG. 3. The temperature and deposition of the peak of the
real part of the susceptibility is marked by symbols for a
larger number of individual films. The solid circles are for
measurements at constant temperature as a function of de-
position. The open circles represent measurements of films
with a constant deposition as a function of temperature. The
open squares are measurements as a function of temperature
reported in ref.(31). The phase boundary lines are fits to
eq.(10) for the limiting cases of the uncertainty bounds of the
fitted parameters.

Solid circles represent measurements made at constant
temperature as the films were being grown, as in fig.(2).
Open circles represent measurements made on samples of
fixed deposition as the temperature was changed, as in
fig.(1). Open squares represent measurements made as
a function of temperature that were reported in an ear-
lier publication31. The peak positions for films grown at
di↵erent temperatures and exposed to di↵erent tempera-
tures during the measurement of the susceptibility are in
good agreement, especially when the 5% uncertainty in
deposition due the AES calibration is considered. This
confirms that, in this system, magnetically relevant struc-
tural changes due not occur until temperatures above at
least 460 K.
The phase diagram in fig.(3) is qualitatively consistent

with a magnetic transition due to percolation of islands
in the 2nd atomic layer. An essential point is that for
measurements at constant temperature (closed circles)
below 315 K, the deposition at the peak of Re �(✓) is
independent of temperature within the uncertainty due
to the deposition calibration. The dashed vertical line
indicates the average of these points, and is interpreted
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as ✓c = 1.22 ± 0.04 ML. The solid vertical lines that
mark ±5% from this average value include all the data
points, showing that all of the variation is consistent with
the deposition calibration. As in many magnetic stud-
ies, the peak in the susceptibility at the transition is the
most precise marker of thickness. This consistency also
shows that despite the fact that Fe/W(110) is a compli-
cated magnetic system, the film growth is reproducible
and measurements made on the di↵erent films represent
a self-consistent data set.

The quantitative fitting of the phase boundary line in
fig.(3) is discussed later. Qualitatively, it is consistent
with the findings of Elmers et al.21, but there are some
di↵erences. First, the onset of in-plane magnetization in
the previous study was at 1.48 ML, whereas it is 1.22 ML
here. Given that the deposition at which 2nd layer perco-
lates is dependent upon the growth, island structure and
fractional completion of the first layer before the second
layer begins, it is not surprising that the sudden appear-
ance of long-range in-plane order varies somewhat from
laboratory to laboratory as the fine details of the pro-
tocols and experimental conditions for film preparation
vary. For example, the scanning tunnelling microscopy
images of percolated samples showing a Curie transition
are quite di↵erent in ref.(11) and (27).

A more surprising di↵erence is the lack of a response
in the magnetic susceptibility at the appearance of long-
range in-plane ferromagnetism in the first atomic layer
below 230 K near ✓ = 0.60 ML, as reported by Elmers et
al.11,21 This may be due to the di↵erent magnetic histo-
ries of the samples in the two investigations. In the study
that detected long-range ferromagnetic order in the first
atomic layer, the films were deposited at room tempera-
ture and then cooled to 115 K in the presence of repeated
200 Oe field pulses. This locked the film in a saturated
remanent state as the coercive field increased rapidly be-
low 230 K, and the remanent state was detected by spin-
polarized electron scattering. By contrast, in the cur-
rent study, the films were grown at a low temperature
in the presence of an a.c. field of only 0.7 Oe. Before
first layer percolation occurred, the independent islands
would likely be blocked, unresponsive to the small field
used for the susceptibility measurements, and the net
magnetization, averaged over the islands, would be zero.
In this case, the multi-domain state formed upon first
layer percolation of the blocked islands would be di�-
cult to detect. By contrast, second layer Fe islands on a
continuous first layer would not be magnetically isolated,
even though the system is magnetically frustrated, thus
permitting the observation of a coherent magnetic state
upon second layer percolation21.

Further qualitative evidence of the percolation transi-
tion is provided in fig.(4), where the full width at half
maximum (FWHM) of the susceptibility peaks are plot-
ted for the measurements made at constant temperature
as the films were grown (part a)), and for the measure-
ment made on films of fixed deposition as a function of
temperature (part (b)). The former illustrates that all

FIG. 4. The full width at half maximum (FWHM) of the
susceptibility peaks are plotted. a) The solid symbols plot
the FWHM of �(✓) (top scale in ML) against the constant
temperature at which the measurements were made as the
Fe films were being grown. b) The open symbols plot the
FWHM of �(T ) (bottom scale in K) against the deposition of
prepared films.

of the measurements �(✓) as a function of deposition
that have peaks at a consistent value of ✓ = ✓c, also
have consistently narrow, sharp peak shapes consistent
with a critical phase transition. Constant temperature
measurements at higher constant temperature are qual-
itatively di↵erent in that the FWHM increases. Part b)
of the figure illustrates a complementary situation for
the measurements �(T ) for films with fixed deposition.
They have a consistent, narrow peak only for depositions
above 1.5 ML. The correspondence with fig.(3) is obvi-
ous. Crossing the phase boundary at high deposition as
a function of temperature represents the limiting case of
a Curie transition. Crossing the phase boundary as a
function of deposition at low temperature represents the
limiting case of a percolation transition.

Alternate interpretations of the phase boundary are
not consistent with the data. The phase boundary de-
termined by a cross-over from 2D films to 1D structures
(such as isolated strips) has been previously determined
experimentally for this system11. It has a very di↵er-
ent shape and extends down to ✓=0.05 ML. A reorienta-
tion transition of second layer islands from perpendicular
to in-plane magnetization without percolation might oc-
cur, driven by structural changes that relieve strain once
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FIG. 2. A representative sample of the magnetic susceptibility
measured as a function of deposition while the Fe/W(110)
films were being grown at constant temperature. The real
part of the susceptibility is indicated by the solid line, and
the imaginary part is indicated by the dashed line. The data
has been binned in increments of 0.004 ML.

A representative sample of susceptibility traces mea-
sured at constant temperature as the films were being
grown are shown in fig.(2). The susceptibility has a re-
markably narrow peak just above ✓=1.20 ML Fe, when
the temperature is 315 K or lower (the susceptibility in
these data traces has no response above the noise level
below 0.90 ML). For the measurement made at 350 K, the
peak shifts to higher deposition. In all cases, the peak in
the imaginary response is at higher deposition than the
peak in the real response, indicating a paramagnetic to
ferromagnetic transition as the deposition is increased.
The results of measurements on a large number of films
is summarized in fig.(3). Each symbol marks the tem-
perature and deposition at which the real part of the
susceptibility has a maximum for the individual samples.

FIG. 3. The temperature and deposition of the peak of the
real part of the susceptibility is marked by symbols for a
larger number of individual films. The solid circles are for
measurements at constant temperature as a function of de-
position. The open circles represent measurements of films
with a constant deposition as a function of temperature. The
open squares are measurements as a function of temperature
reported in ref.(31). The phase boundary lines are fits to
eq.(10) for the limiting cases of the uncertainty bounds of the
fitted parameters.

Solid circles represent measurements made at constant
temperature as the films were being grown, as in fig.(2).
Open circles represent measurements made on samples of
fixed deposition as the temperature was changed, as in
fig.(1). Open squares represent measurements made as
a function of temperature that were reported in an ear-
lier publication31. The peak positions for films grown at
di↵erent temperatures and exposed to di↵erent tempera-
tures during the measurement of the susceptibility are in
good agreement, especially when the 5% uncertainty in
deposition due the AES calibration is considered. This
confirms that, in this system, magnetically relevant struc-
tural changes due not occur until temperatures above at
least 460 K.
The phase diagram in fig.(3) is qualitatively consistent

with a magnetic transition due to percolation of islands
in the 2nd atomic layer. An essential point is that for
measurements at constant temperature (closed circles)
below 315 K, the deposition at the peak of Re �(✓) is
independent of temperature within the uncertainty due
to the deposition calibration. The dashed vertical line
indicates the average of these points, and is interpreted
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Summary	
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  system	
  
	
  a.	
  narrow	
  peak	
  in	
  the	
  suscepJbility	
  χ(θ)	
  
	
  b.	
  quanJtaJve	
  shape	
  of	
  transiJon	
  line	
  p*(T)	
  
	
  	
  

3.  CriJcal	
  exponent	
  γp=2.39±0.04.	
  	
  (Theory	
  γp=	
  43/18	
  =	
  2.388…	
  )	
  

4.  New	
  avenue	
  for	
  understanding	
  percolaJon	
  
	
  a.	
  dynamics	
  
	
  b.	
  other	
  universality	
  classes	
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through two apertures and eventually to the substrate. The second aperture is isolated

from ground and kept at a potential of 23 V to repel stray electrons. Ionized atoms

striking the plate on which the second aperture is located, produce an ion current which

is measured by an electrometer. This current is a measure of the flux of the atoms ex-

iting through the aperture and onto the substrate. The metal rod can be extended and

retracted (changing the distance from the filament) such that the ion current is held

constant which ensures a constant growth rate. The evaporator is also cooled with water

to prevent overheating which can cause gases to desorb. The film thickness calibration is

usually presented as a product of the ion current and subsequent growth time required

for one monolayer. In other words, one monolayer corresponds to a certain number of

nA·min.

Figure 8: Schematic of the Fe evaporator. The evaporator is mounted onto the UHV chamber and can
be adjusted to point at the sample in two directions. The Fe source is advanced close to the filament
which bombards the source with electrons. The Fe atoms evaporate and then pass through two apertures
and to the substrate. [Adapted from Nguyen [16]]

3.5 Magnetic Measurements

Magnetic measurements in this work are done with the help of the surface magnetio-optic

Kerr e↵ect (MOKE). SMOKE is a relatively popular technique for measuring magnetic

properties in ultrathin films because it can be used e↵ectively when the sample is in
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Atoms	
  are	
  evaporated	
  from	
  a	
  heated	
  rod	
  of	
  pure	
  metal,	
  
pass	
  through	
  apertures	
  to	
  define	
  a	
  beam	
  that	
  is	
  aimed	
  	
  
at	
  the	
  substrate.	
  

Substrate	
  

The	
  deposiJon	
  rate	
  is	
  monitored	
  using	
  
the	
  ion	
  current	
  (nA)	
  on	
  the	
  last	
  aperture.	
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Film	
  thickness	
  calibraJon	
  
•  deposit	
  atoms	
  at	
  a	
  controlled	
  aperture	
  current	
  (flux)	
  
•  measure	
  substrate	
  core	
  electrons	
  emived	
  when	
  

	
  substrate	
  is	
  bombarded	
  by	
  a	
  keV	
  beam	
  of	
  electrons	
  
•  find	
  the	
  avenuaJon	
  of	
  the	
  substrate	
  signal	
  

W signal to get the signal after film deposition. This is defined as the ‘attenuation’. A

curve of this attenuation as a function of growth time is called an uptake curve (Figure

7b), and a kink in this curve defines the point where one complete monolayer has formed.

The time where this occurs can be used to calibrate the film thickness.

(a)
(b)

Figure 7: (a) Auger spectrum of a bare W(110) substrate and its Auger spectrum after 1 ML Fe has
been deposited. (b) Uptake curve of Fe [15]. The first kink refers to a growth of 1 ML.

Another use of AES is to determine the amount of carbon present on the substrate.

By measuring the ratio of the peak heights for the carbon signal to the tungsten signal,

an estimate of the amount of carbon present can be deduced. If necessary, the film is

then cleaned.

3.4 Ultrathin Film Growth

Magnetic ultrathin films are deposited onto the substrate by using evaporators that are

mounted to ports in the UHV chamber. These evaporators (Figure 8) use electron bom-

bardment to heat up high purity thin ferromagnetic metal (Co, Ni, Fe) rods. A filament

near the metal rod has a high current (3.5 A) passed through it that provides the source

of electrons for the electron bombardment. A high voltage of 1.75 kV is applied to the

rod which accelerates the electrons from the filament to the tip of the rod. The electrons

striking the rod, heat it up and sublimate the atoms at the tip which make their way
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