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We present a study of ballistic hot electron transport in Co/Cu/Co spin valves, using the ballistic electron
emission microscope. By comparing samples with various Co thicknesses, we determine the hot electron
attenuation length for both the minority- and majority-spin populations in the 1–2 eV energy range. Results are
compared to recent calculations in order to qualitatively understand the hot electron attenuation lengths. Using
the scanning ability of the microscope, we also present the imaging of different magnetic structures in the Co
layers. In particular, we present a detailed study of the variation in 360° domain-wall morphology versus
applied field. The images are compared with micromagnetic simulations. Good agreement is found that ulti-
mately allows for an estimation of the resolution limits of this microscope.
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I. INTRODUCTION

Among techniques for high-resolution magnetic imaging,
ballistic electron emission microscopy1–4 �BEEM� appears
promising. The magnetic resolution of BEEM has never been
estimated, although theoretical arguments and nonmagnetic
BEEM measurements allow one to expect a resolution close
to 1 nm.5,6 The only technique with a similar or better reso-
lution is the spin-polarized scanning-tunneling microscopy
�SP-STM�.7,8 The advantage of BEEM is that it is sensitive
to the thin-film volume as compared to SP-STM, which only
probes surface magnetism. Moreover, BEEM does not nec-
essarily need to be implemented in ultrahigh vacuum �UHV�
since a capping layer may be used to protect the sample.
Finally, BEEM is expected to be useful for samples that have
been processed with standard nanofabrication techniques,
which is impossible with SP-STM.

The principle of BEEM is to measure the transport of hot
electrons emitted by the tip of a STM in a thin film or a
multilayer.5 In particular, it is possible to measure the hot
electron attenuation length which describes their
thermalization.9–11 To distinguish between hot and thermali-
zed electrons, the metallic layers are deposited on top of a
semiconductor substrate, which provides an energy filter at
the interface thanks to the Schottky barrier. For an injection
energy higher than the Schottky-barrier energy, a fraction of
the injected electrons cross the metallic stack ballistically
�without scattering nor energy loss�, reach the metal/
semiconductor interface, and can enter the substrate accord-
ing to momentum selection rules.5,12 Using two contacts on
the sample, one on the metallic layers and one in the sub-
strate, it is possible to measure separately the hot and ther-
malized electron currents and characterize the yield of elec-
trons �or transmission� into the semiconductor. BEEM offers
a way to study locally �typically at the scale of 1 nm� the hot
electron transport in the metal layers and also allows imaging
by scanning the tip over the sample surface. Using a non-
magnetic tip, to obtain a magnetic contrast �MC�, the metal-
lic layers need to contain a “spin-valve” structure �two fer-
romagnetic layers separated by a nonmagnetic spacer�.3,4 The
hot electron transmission depends on the relative magnetiza-

tion orientation of the two ferromagnetic layers thanks to a
difference in attenuation length between minority and major-
ity electrons.4,13–15 This difference leads to an intense con-
trast that may reach some hundreds of percent at room
temperature.16–18 The principle of BEEM magnetic imaging
is analogous to the “polarizer-analyzer” concept in optics,
with the “polarizer” being the ferromagnetic film �containing
some domains� to be studied and the “analyzer” being a
magnetically harder film with magnetization saturated along
a given direction. In this case, the ballistic electron transmis-
sion map corresponds to the magnetic configuration of the
polarizer layer.

During the course of BEEM development, two main top-
ics need to be addressed. Spectroscopy measurements on
samples with different thicknesses should allow determining
the spin-dependent attenuation lengths in the ferromagnetic
layer in order to understand the physics of hot electron at-
tenuation in ferromagnetic metals. Then, magnetic imaging
on model magnetic structures and simulations have to be
performed in order to determine the limit of sensitivity and
resolution of the microscope. In this paper, we address these
two topics in Co/Cu/Co trilayers. In the first part, we present
an extensive study of the hot electron attenuation versus
sample thickness. The attenuation length variation versus en-
ergy allows a direct comparison with calculations. In the
second part, we present an imaging study of the magnetiza-
tion reversal in the two Co layers’ stack, particularly when
one layer contains a 360° domain wall �DW�. We compare
our results with micromagnetic simulations and try to deter-
mine precisely an upper bound to the microscope resolution.

II. EXPERIMENTAL DETAILS

BEEM measurements were performed at room tempera-
ture with a modified commercial scanning-tunneling micro-
scope �STM� �Omicron STM-1�.19 The microscope was
housed in an UHV chamber �base pressure �4
�10−11 mbar�, while externally attached coils supplied the
magnetic field to the sample. STM tips were prepared from a
0.38-mm-diameter polycrystalline W wire by ac electro-
chemical etching in a KOH solution. STM images were pro-
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cessed using the WSXM software.20

Commercially available P-doped n-type single side–
polished Si�111� wafers ��=4–9 � cm� are used as sub-
strates. Prior to deposition, an Ohmic contact is formed on
the nonpolished back side of the wafers. For this purpose, the
Si native oxide is removed with a buffered HF /NH4F �7:1�
solution, and a Au0.99Sb0.01�200 nm� /Cr�5 nm� bilayer is
deposited by dc sputtering. The resistance between two
AuSb/Cr/Si junctions is measured to be a few ohms at room
temperature. Afterward, the wafers are diced into 5
�5 mm2 pieces. The hydrogenated Si�111� surface is pre-
pared by means of wet chemical etching of the polished front
side. The same buffered HF /NH4F �7:1� solution is applied
to remove the native oxide. A second anisotropic etching step
is performed with a NH4F �40%� solution, resulting in a
surface decorated with �111� steps.21

Multilayers were deposited at room temperature in an in-
dependent UHV chamber using an e-gun evaporator. The
base pressure of the evaporation unit was �10−9 mbar, with
a typical evaporation pressure of �10−8 mbar. The metal
layers were evaporated through a copper foil mask so as
to form a rectangular 1�0.5 mm2 diode. High-purity
�99.999%� metal pellets were used as source materials. The
nominal deposition rate was 1.5 Å /s for each material and
was monitored by a quartz-crystal microbalance and cali-
brated against profilometry and x-ray reflectivity measure-
ments. The uncertainty in the evaluation of the thickness was
estimated to be within �10%. The substrates were intro-
duced into the UHV evaporation unit immediately after
preparation. Initially a 7 nm Au layer was deposited to form
a homogeneous Schottky contact �barrier height �0.8 eV
and Schottky-diode ideality factor n�1.08, as determined by
current-voltage measurements�. This Au/Si�111� structure
provided a template on top of which the rest of the metal
layer stack was deposited. The Au layer was polycrystalline
with the crystallites’ 10 to 20 nm in diameter, grown with the
�111� orientation, as verified by STM and x-ray-diffraction
measurements. Afterward, a 1.5 nm Cu seed layer was
evaporated before the growth of single Co layers or Co/
Cu/Co spin valves. For the present study, the spin valve con-
sisted of two 1.8-nm-thick Co layers separated by a 6-nm-
thick Cu spacer. Then, the film was protected with 1.5 nm Cu
and 3 nm Au capping layers in order to allow for ex situ
sample transfer. The rms roughness of the multilayer stacks
was determined to be less than 1.5 nm by STM imaging.

III. HOT ELECTRON TRANSPORT

Hot electron transport in Co in the energy range of 1.0–
2.0 eV above the Fermi level has been studied by BEEM
spectroscopy. BEEM spectrum is a measure of the sample
transmission versus tip voltage, with the tip kept at a fixed
position. The sample transmission is defined as T= IB / IT,
where IB is the measured BEEM �hot electron� current and IT
is the injected tunnel current, which remains constant during
acquisition. The energy distribution of the injected electrons
can be described by an exponential decrease, starting at the
Fermi level of the tip. For an energy decrease equal to 0.4
eV, typically, the tunneling probability decreases by 1 /e.19

The hot electron transmission through samples containing
single Co layers with various thicknesses was first studied as
a function of the layer thickness �Fig. 1�. Hot electron attenu-
ation phenomena in the Au, Cu, and Co layers and at the
Au/Cu, Cu/Co, and Au/Si interfaces all contribute to the
transmission measured. The band splitting in Co has to be
taken into account and two conduction channels are consid-
ered, one for the majority and one for the minority
electrons.22 The transmission of each conduction channel in
Co is described by an exponential decay,5 where 	maj and
	min are attenuation lengths for majority and minority elec-
trons, respectively.23,24 The hot electrons injected from the
STM tip into the Au/Cu capping bilayer and then into the Co
layer are not spin polarized, so that two initially equal spin
populations are considered.18 In the model described above,
spin-dependent scattering at the Co/Cu interfaces is ne-
glected following Ref. 13. The hot electron transmission
through the metal/Si structure is thus described by

T = T0�1
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exp�−
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	maj
� +

1

2
exp�−

t

	min
�� , �1�

where T0 is the transmission for the total of the Au and Cu
layers, including the Au/Cu, Au/Si, and Co/Cu interfaces,
whereas the quantity in brackets describes the spin-
dependent hot electron transport in the Co layer. By studying
similar structures varying only the Co layer thickness t, it is
possible to distinguish and study the attenuation of hot elec-
trons in the Co layer since T0 remains constant. The attenu-
ation phenomena in the metal layers are energy dependent,
so that T0, 	maj, and 	min are also energy dependent.

In Fig. 2 the transmission at 1.5 V for the Co single-layer
samples is plotted as a function of the Co layer thickness
�similar graphs were obtained in the whole 1–2 V range�.
The transmission of a reference sample with no Co layer is
also indicated. As a function of the thickness, two regimes
are observed with different slopes: in the low–Co thickness
regime, the transmission decreases faster than in the higher-
thickness regime. As the minority electron attenuation length
��1 nm� is much shorter than the majority one,4 after trans-
port through a few attenuation lengths, minority electrons

FIG. 1. �Color online� Hot electron transmission �T= IB / IT� ver-
sus tip voltage for single Co layers with various thicknesses �t�.
More than 100 spectra taken at several points of various 0.5
�0.5 
m2 scanning areas were averaged in each case. Injection
current IT=50 nA.
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have been almost totally scattered and the ballistic current
contains almost only majority electrons. Then, for t�3 nm,
the second exponential decay �corresponding to the minority
electrons� can be neglected in Eq. �1�, whereas the complete
equation has to be used in order to fit all experimental data.
A linear fit to the data in Fig. 2 for the high–Co thickness
regime gives the value of the majority hot electron attenua-
tion length �3.3 nm at 1.5 V�. In principle, the whole thick-
ness range could be fitted according to Eq. �1� in order to
directly determine both 	maj and 	min. However, the lack of
experimental data in the low-thickness regime makes the fit-
ting process unreliable for the determination of 	min.

From the linear fit for high layer thicknesses, T0 can be
determined and compared with the sample containing no Co
layer. As shown in Fig. 2, T0 is found to be four times
smaller than the transmission of the reference sample. This
indicates a strong scattering at the Co/Cu interfaces �consid-
ering equal attenuation at both Cu/Co and Co/Cu interfaces,
50% of the hot electrons are lost at each interface�. As shown
in Fig. 2, the transmission of the spin-valve sample is also in
agreement with the single-layer samples, considering only
two interfaces as already reported in Ref. 4 This surprising
result probably means that only the first interface induces a
75% attenuation, while the other does not have any signifi-
cant effect. The origin of this scattering is not clearly under-
stood. Since no energy dependence was found �data not
shown�, elastic scattering due to defects and roughness at the
interface appears more likely than a pure band-structure ef-
fect.

In order to determine 	min, hot electron transport through
a Co/Cu/Co spin valve with equal Co layer thicknesses �t�
was studied as a function of the relative magnetization ori-

entation of the two Co layers. By making use of the imaging
capabilities of BEEM, P and AP aligned zones of the spin
valve can be distinguished in zero field thanks to the pres-
ence of domains in both layers. Figure 3 shows spectra taken
in each case for a spin valve with 1.8-nm-thick Co layers.
The sample transmission in the P state is systematically
higher than the transmission in the AP state. For a parallel
alignment, majority �minority� electrons in the first layer are
majority �minority� electrons as well in the second layer, so
that the sample transmission is still given by Eq. �1�, but
taking into account as a thickness the total thickness of the
two Co layers �2t�:

TP = T0��1
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	maj
� +

1

2
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Note that hot electron spin flip in Cu is neglected since the
Cu thickness in much lower than the spin-relaxation length
in Cu �Refs. 26 and 27� �more than 30 nm in the considered
energy range27� so that equal attenuation lengths for each
spin population are considered and that the polarization of
the hot electron current in the spacer is constant. The attenu-
ation due to the Cu spacer is included in T0��T0�=T0 exp�
−tCu /	Cu�	. For the antiparallel configuration, the majority
�minority� electrons in the first layer are minority �majority�
electrons in the second layer, so that the transmission is cal-
culated to be

TAP = T0� exp�−
t

	maj
�exp�−

t

	min
� . �3�

The MC is defined as

MC =
TP − TAP

TAP
. �4�

The transmission of the Co/Cu/Co spin valve in the par-
allel state shown in Fig. 3 is in good agreement with previ-
ous measurements �see the black square in Fig. 2� if the
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FIG. 2. Logarithm of the transmission versus total Co thickness
for samples with Co single layers �disks� and Co/Cu/Co spin valves
�squares� at 1.5 V. The transmission of a reference sample with no
Co layer is indicated by a down triangle. The transmission of the
spin-valve sample is measured for parallel �P; full square� and an-
tiparallel �AP; open square� alignments of the two Co layers. Note
that for this spin valve, the attenuation effect of the extra Cu layer
�spacer� was calculated using an attenuation length in Cu of 20 nm
and subtracted from the experimental data. The dashed line is a
linear fit to the data for Co thicknesses larger than 3 nm and deter-
mines 	maj. The continuous lines corresponds to Eq. �1� using 	maj

and 	min values determined in the following.

FIG. 3. �Color online� Hot electron transmission �IB / IT� versus
tip voltage for the Co/Cu/Co sample measured for P and AP align-
ments of the two Co layers. More than 100 spectra taken at several
0.5�0.5 
m2 scanning areas were averaged in each case. The er-
ror bars do not represent the measurement noise but account for the
distribution of transmission from one area to another �Ref. 25�. The
magnetic contrast at room temperature is also shown �Eq. �4�	. In-
jection current IT=50 nA.
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attenuation due to the supplemental Cu spacer layer �6 nm
thickness� is taken into account with an attenuation length of
20 nm in Cu.28 The transmission in the antiparallel state is
significantly lower �open square in Fig. 2�. In Fig. 3, the
magnetic contrast is found to decrease with electron energy,
in accordance with previous studies,14 from more than 200%
just below 1.0 V to 50% at 2.0 V. Note that although the
sample transmission is due to the metal layers and substrate,
the magnetic contrast is only determined by the spin-
dependent scattering occurring in the two Co layers. The fact
that the MC value decreases with energy indicates that there
is a significant energy dependence of 	maj and 	min.

Taking into account the 	maj value found with the
single–Co layer samples, 	min can be deduced from the mag-
netic contrast. Figure 4 shows the values determined for the
majority and minority electron attenuation lengths in the
range of 1.0–2.0 V.

An important energy dependence of the attenuation length
is observed. Moreover, keeping in mind that electron tunnel-
ing occurs as well in an energy range of few 100 meV below
the tip voltage, the actual energy variation in the attenuation
length is probably more important than what is shown in Fig.
4. 	maj decreases from 5.2 to 3.3 nm in the range of 1.0–1.5
V and then remains relatively constant. On the contrary, 	min
increases from 0.9 to 1.2 nm throughout the whole energy
range. The ratio of the two values decreases continuously
from 6 to 2 in the range of 1.0–2.0 V, explaining the decrease
in MC measured for the spin-valve sample. The values de-
termined here are significantly higher than reported before,4

potentially meaning higher film quality. More precisely, a
similar energy dependence is found for 	min, whereas a more
clear variation is found for 	maj.

4

In order to interpret these results, we first recall that the
attenuation length can be written as 	�E�=v�E���E�, where v
is the electron velocity and � is the electron lifetime, at en-
ergy E. The hot electron lifetime � has two main contribu-
tions: the interaction between the hot electron and an elec-
tron below the Fermi level �interaction time �e-e�, and the
interaction with defects �interaction time �e-def�.29 They com-
bine as �−1=�e-e

−1 +�e-def
−1 .29 The time �e-e is intrinsic to the ma-

terial band structure, and thus can be calculated from first-

principles calculation.11,29,30 The calculation includes spin-
flip and non-spin-flip electron-electron scatterings. It can
also be estimated in the framework of the “phase-space
model.”11 On the other hand, �e-def depends on the quality of
the material and, being an elastic interaction, is not expected
to vary with energy.29 If the electron-defect interaction time
is short, then defects dominate the lifetime, which becomes
essentially constant. This could explain why, from a source
of sample to another, the attenuation length and its energy
dependence can change. Within this framework, a clear
variation in the attenuation length is a sign that it is a true
probe of the electron-electron interaction. The good agree-
ment between our measurement for 	min and that in Ref. 4
also fits well with this explanation, as 	min is very short
��1 nm�.

As there is no theoretical prediction for the attenuation
length in Co, our results have to be compared with calcula-
tions performed for Fe and Ni.11,30 In both cases the energy
variations are quite similar to our result: in the energy range
considered here, 	min is almost constant, while 	maj con-
stantly decreases. This decrease is expected in the framework
of the phase-space model11 as the number of empty states
between the Fermi level and the injection energy increases
with injection energy for every metal. It is not straightfor-
ward to compare Co with Fe and Ni as these two last mate-
rials are surprisingly very different when dealing with hot
electron attenuation.11 For Ni, there is a strong lifetime
asymmetry for hot electrons with energy of up to 3 eV,
whereas for Fe, this asymmetry is rather weak. On the con-
trary, a strong hot electron velocity asymmetry has been cal-
culated for Fe, which is not the case for Ni. As Co is in
between Fe and Ni, the weight of these two contributions has
to be determined precisely. Phase-space model calculations
�not shown here� based on ab initio calculation of the fcc Co
band structure predict a lifetime asymmetry �maj /�min, which
decreases from 8.25 to 7.25 in the 1–2 eV energy range.
However, as we do not know yet the velocity asymmetry, it
is difficult to compare these results directly with our experi-
mental data. More elaborate calculations are therefore re-
quired.

IV. BALLISTIC ELECTRON MAGNETIC IMAGING

By combining the BEEM ability of locally probing ballis-
tic electron magnetotransport and the STM imaging capabili-
ties, it is possible to create a map of the relative magnetiza-
tion orientation of the two layers in the spin valve. For a
parallel configuration the transmission is high, resulting in
bright contrast, while for an antiparallel configuration the
transmission is low, resulting in dark contrast.

The optimum energy for BEEM images can be estimated
from Fig. 3. As shown in the spectra, a nonmagnetic noise
due to the sample topography25 superimposes onto the mag-
netic contrast. While the actual difference in transmission
between the P and AP states increases with energy, taking
into account error bars due to film structure, optimal contrast
is expected in the 1.5–1.7 V range.

A. Comparison between BEEM and giant magnetoresistance

BEEM contrast bears a direct analogy with giant magne-
toresistance �GMR� measurements since in the latter case the

FIG. 4. Hot electron attenuation length for majority and minor-
ity electrons in Co at room temperature as a function of tip voltage.
The error on the determination of the attenuation length is about
10% as indicated on the last dot of each curve.
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magnetoresistance �MR� value is a measure of the degree of
magnetic collinearity of the spin valve. In Figs. 5 and 6, a
GMR field cycle and a series of BEEM magnetic images in
various fields applied on the film plane are compared. Due to
experimental constraints, GMR and BEEM measurements
were respectively taken from two different samples �10
�10 mm2 for GMR; 1�0.5 mm2 for BEEM� but with
identical Co�1.8 nm�/Cu �6 nm�/Co �1.8 nm� spin-valve
stacks deposited simultaneously side by side. Figure 5 shows
a GMR hysteresis cycle, where the maximum of the MR
value is observed for a field of �20 Oe. Note also that mag-
netization reversal occurs in a large field range and that the
signal saturation is only reached at �200 Oe.

Figure 6�a� shows the STM �surface topography� image
corresponding to the BEEM image in Fig. 6�b�. All other
BEEM images were taken at the same position, as verified by
the STM signal. In Fig. 6�b�, a −80 Oe field is applied and
the BEEM signal is almost homogeneously bright, with only
a few dark zones indicating antiparallel orientation. As the
applied field is increased to −10 Oe �Fig. 6�c�	, the antipar-
allel aligned zones increase in area and increase even further
at 0 Oe �Fig. 6�d�	 and at +15 Oe �Fig. 6�e�	. Finally, at
+60 Oe �Fig. 6�f�	, the signal is almost homogeneously
bright, corresponding again to parallel alignment. Note that
in all images, small-scale signal fluctuations are apparent.
They originate from the sample surface roughness and
granular texture of the film as discussed above. It is evident
from the topographic signal that the intense transmission de-
pressions observed in the BEEM images do not originate
from the film structure.

The disks on the GMR graph �Fig. 5� indicate the propor-
tion of the antiparallel aligned zones as determined from the
BEEM images �Fig. 6�. The two scales have been adjusted so
that the GMR and BEEM points coincide at zero field. There
is rather good quantitative agreement between the two mea-
surements, especially keeping in mind that the area probed
by the GMR measurements �a few hundreds of 
m2; current-
in-plane geometry� is much larger than for BEEM images
��7 
m2�. It is interesting to notice that at +15 Oe, al-
though the GMR signal corresponds to �80% of its maxi-
mum value, BEEM shows an antiparallel configuration of the
spin valve of less than 25%. This means that the GMR maxi-
mum does not correspond to an ideal antiparallel alignment
and that a GMR signal more than four times higher could be

FIG. 5. �Color online� A current-in-plane GMR field cycle. The
disks �in red� indicate the proportion of the anti-parallel aligned
zones in the corresponding BEEM images �Fig. 6�.
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FIG. 6. �Color online� A series of BEEM magnetic images taken at a fixed position in a varying magnetic field applied on the film plane.

�a� STM �surface topography� image corresponding to �b�. Similar topography images were obtained for �c�–�f�. ��b�–�f�	 BEEM images
respectively taken in fields of �b� −80, �c� −10, �d� 0, �e� +15, and �f� +60 Oe. Scan size was 2.6�2.6 
m2. The tunnel parameters are
Vt=1.6 V and It=50 nA. The color scale corresponds to transmission from 0.025% to 0.082%.
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achieved if the two magnetic layers were fully in antiparallel
alignment, pointing out to the technological importance of
fabricating spin valves with well-defined parallel and anti-
parallel configurations.

B. 360° domain walls

The high resolution of BEEM not only allows discussing
the degree of magnetization collinearity of the spin valve or
the size of the domains, but also allows observing of small
details in the magnetic configurations, particularly the shape
of the domain walls. In the following, we discuss the images
of 360° domain walls.31,32

1. Experimental results

In Fig. 7�a� an image taken in a field of +100 Oe applied
on the film plane is shown, while before acquisition several
field cycles were applied in the 100–200 Oe range. The ap-
parent dark feature corresponds to a 360° domain wall in one
of the two Co layers.33 This is supported by the fact that in a
field of 100 Oe, both Co layers are almost saturated, as veri-

fied by magneto-optical Kerr effect �MOKE� �not shown�
and GMR measurements �see Fig. 5�. During magnetization
reversal, 180° Néel domain walls sweep through the two Co
films, and while passing over a structural defect they can be
trapped and generate a 360° wall.34 In Fig. 7�a� the defect
pinning the domain wall is out of the scanning field and thus
not apparent. In very thin films a 360° domain wall can only
be eliminated in much higher fields than needed for moving
regular 180° walls. Although there are no reports for the
annihilation field in the case of thin Co films, values as high
as 20 times the coercive field have been reported for �Co/
NiFe/Co�/Cu multilayers.35 For the Co embedded in Cu lay-
ers measured, a coercive field of �15 Oe is determined by
MOKE magnetometry. Thus the 100 Oe applied field could
be much smaller than the annihilation field.

The domain wall in Fig. 7�a� consists of three segments,
labeled I–III in the figure, probably because of pinning at
structural defects. The abrupt change in signal on the top of
segment III does not correspond to an actual magnetic struc-
ture. Since the acquisition time of each image is several min-
utes and the scanning direction was from bottom to top, we
may suppose that at this point the domain wall has been
displaced under the influence of the applied field and tem-
perature due to thermal activation. Immediately after, an im-
age was taken in an applied field of +20 Oe, always at the
same fixed position �Fig. 7�b�	. Dark signal patches have
appeared, indicating nucleation of small domains as dis-
cussed before. The dark feature at the lower-right part corre-
sponds to the 360° domain wall that has been indeed dis-
placed �in that case, only one segment is observed and is
labeled IV�.

2. Micromagnetic modeling

In order to go beyond a simple description, a micromag-
netic calculation of the structure of the 360° domain walls
has been performed. In principle, the defects that make these
domain walls exist should be taken into account �as in Ref.
32, for example�. However, the BEEM images shown above
are too small to reveal their position, and we do not know the
defects’ nature. Thus, as a first step, simple two-dimensional
�2D� calculations in which the 360° domain wall is stabilized
�compressed� by an applied field were performed. The wall
was supposed to be infinitely long, and the calculation de-
scribed the sample cross section perpendicular to the wall-
extension direction �Fig. 8�.The calculations used the 2D ver-
sion of the OOMMF code,36 with the magnetostatic calculation
scheme that corresponds to an infinitely long sample. The
micromagnetic parameters were those of bulk cobalt,

b
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FIG. 7. �Color online� BEEM magnetic imaging of the same
Co�1.8 nm�/Cu�6 nm�/Co�1.8 nm� spin valve as before. Images ac-
quired at a fixed position in magnetic fields of �a� +100 and �b�
+20 Oe applied on the film plane. The bright zones correspond to
the saturated state of the spin valve, where both Co layers have
magnetization parallel to the applied field. Before the acquisition of
image �a�, a field cycle was applied in the range of +200–
+100 Oe. Image �b� was acquired immediately after image �a�,
with the applied field direction the same as in image �a�. The boxes
indicate the area and direction of the line profiles’ averaging. Scan
size: 2.4�1.5 
m2. Tunneling parameters: Vt=1.8 V and It

=50 nA. The color scale corresponds to transmission extending
from 0.022% to 0.080%. The corresponding topographic images are
not shown as they are identical to the image in Fig. 6�a�.

x

z

y + +- -Co

Cu

Co

FIG. 8. Schematic 360° domain-wall structure in a two-layer
sample, stabilized by a field aligned in the y direction. The magne-
tostatic charges in the domain-wall layer are indicated and the
curved, dotted arrows sketch the stray field due to these charges.
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namely, Ms=1400 A /m, A=30 pJ /m, and K=0. The zero
anisotropy was established by MOKE measurements, and
corresponds to the polycrystalline nature of the cobalt layer.
No exchange coupling was introduced between the two co-
balt layers, as the copper spacer is too thick for oscillatory
magnetic coupling to exist.37 A mesh size of 2 nm was taken,
so that the sample described by the computation is in fact Co
�2 nm�/Cu �6 nm�/Co �2 nm�. The extension of the calcula-
tion region in the x direction �see Fig. 8� was very large
�10 
m�. This way, magnetostatics can enforce that at the
left and right x boundaries, the moments are along the y axis,
even for low fields. A configuration containing the 360° do-
main wall in one layer and a saturated state in the reference
layer was generated and relaxed under several y fields. With
no pinning applied, the wall is eventually forced to leave the
calculation region. In order to avoid this, a very large field
Hy =104 Oe was applied to the central cell of the domain-
wall layer only, in order to fix the magnetic direction of that
cell.

The converged configurations show that the domain-wall
layer, via magnetostatic coupling, influences the reference
layer. Indeed, the magnetostatic charges present in the 360°
domain-wall structure produce an x field in the other layer,
which tilts magnetization toward the �x direction �the so-
called quasiwall structure34�. Figure 9 displays the profiles of
the my and mx components of the magnetization unit vector
m� in both layers, at Hy =−100 Oe �the mz component is sup-
pressed by the demagnetizing field in each layer, and is be-
low 0.03�. The magnetization deviation due to the magneto-
static interaction is clearly seen in the profiles of mx �Fig.
9�a�	: the reference layer has an mx component with a sign
opposite to that of the domain-wall layer, and a smaller mag-
nitude. This deviation is the main effect of the magnetostatic
coupling between the two magnetic layers. Indeed, the mag-
netization profile in the domain-wall layer is very close to
that obtained when the structure is obtained with only the
domain-wall layer �not shown�. However, as displayed in
Fig. 9�b�, this deviation affects significantly the profile of the
BEEM signal across the domain wall. The magnitude of the
BEEM signal is proportional to the cosine of the angle be-
tween the local magnetization direction in the two layers, a
law that results directly from the two currents’ description
with the assumption that the spins of electrons entering into
a layer are measured �in the quantum-mechanical sense�
along the local quantization axis. As the mx have opposite
signs in adjacent layers, the BEEM profile is always wider
than the profile of the 360° domain wall itself.

If an isolated domain-wall layer is considered, analytic
profiles can be calculated as drawn in Fig. 9. In the limit of
a large y field, a one-dimensional �1D� model can indeed be
built, with a magnetization confined to the x-y plane, de-
scribed by an angle � and no magnetostatic interaction. The
energy of this model is the same as that entering the calcu-
lation of the 1D Bloch wall once the variable � /2 is consid-
ered, so that the domain-wall width parameter of this Bloch
wall profile reads


 =
 2A

MsBy
. �5�

At the large field considered �100 Oe�, it appears that the
numeric and analytic profiles are very close. More quantita-
tively, the full width at half maximum �FWHM� of the my
component is expressed as 2 ln�1+
2�
 in the analytic
model. This prediction is �10% below the numerical results,
in the field range of 10–300 Oe, a proof that magnetostatic
effects are not so important in these ultrathin films. Thus, a
fast increase in the 360° domain-wall width when the y field
is reduced is predicted by the calculations.

3. Comparison between experiments and calculation

In order to compare experiments and calculations, line
profiles were averaged along the indicated directions �Fig.
7�. Since in Fig. 7�a� segment III is only partially imaged, we
shall focus only on segments I, II, and IV. For segments II
and IV, the applied field direction is parallel to the domain-
wall axis, and for segment I the field direction is inclined at
�55° with respect to the wall axis. First, the effect of the
intensity of the applied field on the width of the domain wall
is discussed. According to the experimental images, it is
clear that the 360° domain wall is much larger at 20 Oe than
at 100 Oe. In Fig. 10�a� the measured profile of segment II is
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FIG. 9. �Color online� Profiles of the magnetization in both lay-
ers, for �a� the longitudinal component mx and �b� the axial compo-
nent my �b�, in the case of an axial applied field Hy =−10 mT. The
profiles in the domain-wall layer obtained with the analytical model
are also superposed. In �b�, the calculated BEEM contrast is also
displayed. The FWHMs are 123.6, 115.4, and 163.2 nm for the
numerical my in the DW layer, the analytical my, and the numerical
BEEM signal, respectively.
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compared to the calculated profile of a 360° wall in a field of
100 Oe applied parallel to the wall axis. The FWHM of the
wall is measured to be 160 nm, in good agreement with the
calculated value, and the wall structure is symmetric. In Fig.
10�b� the measured profile of the wall �IV� in a field of 20 Oe
�Fig. 7�b�	 is compared to the corresponding calculated pro-
file and shows also good overall agreement despite the pos-
sible presence of steps. In this case the wall has become
wider �FWHM of 410 nm� due to the lower field, while the
wall structure is always symmetric.

The structure of the wall is also affected by the applied
field direction as can be observed in Fig. 7. For segment I the
field is inclined by 55° from the domain-wall direction. It is
noticeable that the transition region on the left side of the
wall is wider than the one on the right side as displayed in
Fig. 11. In the calculation, the effect of an additional x field
was investigated in order to reproduce the misalignment be-
tween the domain wall and the external field. As can be seen
from Fig. 8, the x field tends to favor one side of the wall at
the expense of the other side. Thus, a dissymmetric domain-
wall profile is created, and the symmetry that kept the do-
main wall at the center disappears �hence the localized pin-
ning field in the calculation�. The profiles corresponding to
the fields applied in the experiment are superimposed onto
experimental data in Fig. 11. This good match between im-

ages and micromagnetic calculations may even appear aston-
ishing considering the noise present in the images. The con-
clusion is again that this noise has not a magnetic origin but,
as pointed out before, is due to a distribution of fine struc-
tural defects.

The quantitative analysis of the BEEM magnetic contrast
presented above allows us to discuss the magnetic resolution
of the technique. In Ref. 33, the resolution of the images was
estimated from 360° domain walls, calculating the transition-
region width as the distance between the points where 20%
and 80% of the maximum signal are reached. The authors
have demonstrated a 28 nm resolution based on the sole
signal analysis, irrespective of physical signal origin. The
profile shown in Fig. 10�a� has a width on the order of a few
tens of nanometer, which leads to a 80 nm resolution follow-
ing the definition from Ref. 33. Since we do find very good
agreement between experiments and calculations, we claim
that this size corresponds to the actual magnetic structure
size, and that it does not stem from a convolution effect due
to the microscope resolution.

To go beyond and fix an upper bound to the resolution of
the microscope, we consider the asymmetric calculated pro-
file and calculate the effect of the convolution of the wall
profile with a Gaussian distribution with variance �. These
convoluted profiles �scaled from maximum to minimum� are
compared to the experimental asymmetric profile �Fig. 11�.
Good agreement is kept up to �=20 nm. For higher �, the
asymmetric profile is distorted to such an extent that it would
be difficult to distinguish between the symmetric and the
asymmetric segments of the domain wall, a result ruled out
by experiments. In this case, a convenient BEEM resolution
definition would be the full width at half maximum of the
Gaussian distribution, which is 2
2 ln 2�. According to this
definition, the BEEM ability to resolve magnetic structures is
better than �50 nm.

The simplest approximation of the BEEM process consid-
ers transport of hot free electrons in the metal base.5 In the
framework of this model, the nonmagnetic resolution of
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FIG. 10. �Color online� �a� Experimental and calculated domain-
wall profiles in a 100 Oe field applied parallel to the wall axis �Fig.
7�a�, segment II	. �b� Experimental and calculated domain-wall pro-
files in a 20 Oe field applied parallel to the wall axis �Fig. 7�b�	. The
experimental profiles were averaged over several lines as indicated
by the box in Fig. 7.
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FIG. 11. �Color online� Experimental and calculated domain-
wall profiles in an applied field of 100 Oe, with the direction of the
field being inclined at 55° with respect to the domain-wall axis. The
experimental profile was averaged over several lines as indicated by
the box in Fig. 7. The continuous and dashed lines correspond to the
calculation results without and with convolution, respectively.
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BEEM is calculated to widen proportionally to the total film
thickness, while it is a function as well of the electron
energy.5 The source of magnetic contrast in BEEM is the
spin-dependent electron-electron scattering. As this only af-
fects the magnitude of the collected current, we do not dis-
tinguish between the nonmagnetic and magnetic BEEM reso-
lutions. The effect of the film thickness was shown in Ref.
38, where indeed the resolution was found to widen with the
increase in the total film thickness. However, both the value
of the resolution39 and its degree of dependence on the film
thickness cannot be explained by the model considered here.

In our case, the source of the spin-dependent scattering is
in the Co layers. Thus, the total film thickness above these
layers should be considered. In the case of the 360° domain
wall, depending on whether the wall is in the upper or lower
Co layer, the film thickness that should be considered is 4.5
or 10.5 nm, respectively. According to the model discussed
above, the magnetic resolution �at 1.8 V tip voltage� is cal-
culated to be 2 nm in the first case and 5 nm in the second
case. These values are much lower than the measured one,
supporting the claim that the measurement corresponds to
the actual magnetic structure size.

V. CONCLUSION

In this paper, we have presented a study of the hot elec-
tron transport in Co/Cu/Co spin-valve samples using ballistic
electron emission microscopy. We have determined the spin-

dependent hot electron attenuation length in Co in the 1–2
eV energy range. We have shown that the attenuation length
for majority electrons decreases versus energy, in opposition
to previous results.4 This tendency of our results is quite
similar to the prediction for Fe and Ni.11 Theoretical calcu-
lations for Co would be quite interesting to confirm our re-
sult.

We have also shown imaging of magnetic structures in the
Co layers using the scanning ability of the microscope. In the
case of the image of 360° domain walls, we have compared
experimental results with calculations, and reached good
agreement. These results show that the resolution of the mi-
croscope is very good, better than 50 nm. However, this
value only corresponds to an upper bound for the resolution.
Magnetic configurations on smaller scale such as narrower
domain walls are needed to find the true resolving limit of
BEEM magnetic imaging
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