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Hot-electron transport and magnetic anisotropy in epitaxial spin valves
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We report on ballistic electron magnetic microscopy studies at room temperature using an epitaxially grown
Fe3,Cogg/ Au/Fes,Cogg trilayer. Local hysteresis loops are obtained as a function of the in-plane magnetic field
angle. In order to understand the underlying local magnetization behavior, the magnetic anisotropies were
determined by ferromagnetic resonance. These results served as input for simulations of the hysteresis loops,
which are compared to magneto-optic Kerr effect and ballistic electron magnetic microscopy data of the spin
valve. In doing so, the relative magnetization configuration of the spin valve can be calculated as a function of
the external magnetic field, and the magnetization behavior during the reversal can be explained. Since differ-
ent magnetization configurations of the spin valve are available, epitaxial spin valves allow multimagnetocur-
rent values, when the magnetic field is applied along different directions.
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The widespread interest of introducing the spin as a new
degree of freedom in next generation electronic devices has
strongly stimulated the investigation of magnetoresistive
(MR) effects. However, only the giant magnetoresistance
(GMR)!? and the tunnel magnetoresistance (TMR)? effects
seem to be reasonably applicable in magnetic recording de-
vices so far. Other proposed devices are not competitive with
existing semiconductor devices yet, since the generation, ma-
nipulation, and detection of the spin polarization is more
challenging than the usage of the charge only. A commonly
used spintronic device for these tasks is the spin valve in
which the spin transport is directly related to the magnetiza-
tion configuration. The spin valve is involved in GMR and
TMR elements and also in hot-electron devices, such as spin
valve transistors (SVT’s)* and magnetic tunnel transistors
(MTT’s). The latter two devices are based on ballistic elec-
tron transport. Thus, mostly electrons, which do not suffer
any scattering during the transport through the spin valve,
create the output current of such devices. The largest spin
filter or spin valve effect is obtained when single domain
states combined with a collinear magnetization alignment of
the two ferromagnetic layers are involved. Multidomain
states or deviations from collinear magnetization alignment
often occur in the vicinity of the coercive fields of the indi-
vidual magnetic layer and can drastically reduce the MR ef-
fect. In order to optimize hot-electron devices, the magneti-
zation configuration and spin transport characteristics should
be determined with a high lateral resolution. We employ the
ballistic electron magnetic microscopy (BEMM), which is a
powerful method due to its nanometer resolution and the
variable hot-electron energy.®~!2

This technique is related to the ballistic electron emission
microscopy (BEEM), invented by Bell and Kaiser in 1988 as
an extension of scanning tunneling microscopy.'? In the case
of magnetic samples, BEEM is often referred to as BEMM.”
During operation, a scanning tunneling microscope (STM)
tip (emitter) injects nonequilibrium charge carriers into the
spin valve (base) grown onto a n-type semiconductor (col-
lector). In this way, the study of the spin dependent hot-
electron transport as well as the imaging of magnetic do-
mains in spin valves by recording the collector current in an
external magnetic field are possible.®~ In our convention, the
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sign of the collector signal is positive for electrons flowing
from the base into the semiconductor. The injected hot elec-
trons undergo a variety of elastic and inelastic scattering pro-
cesses in the metallic layers. Ferromagnetic layers exhibit
spin dependent electron scattering and spin dependent elec-
tron group velocities.!*!> This spin dependence manifests it-
self by spin dependent ballistic mean free paths or hot-
electron attenuation lengths and in turn leads to a strongly
spin polarized current entering the semiconductor collector.
The attenuation length A, defined as the layer thickness de-
creasing the collector current by a factor of e~!, is much
larger for majority spin hot electrons than for minority
spins.&16 Hence, in spin valves, the collector current is dras-
tically reduced in antiparalle] magnetization alignment com-
pared to parallel alignment. The change of collector current
between these two states is defined as the magnetocurrent
MC=(l;;~1;)/1;, with I denoting the transmitted current
and the indices T and 7| denoting parallel and antiparallel
magnetization configurations, respectively. The Schottky bar-
rier at the base-collector interface acts as an energy and mo-
mentum filter for the injected electrons. Only electrons with
sufficient energy to overcome the barrier and with a suitable
k vector, determined mainly by the band structure of the
semiconductor, can enter the collector and contribute to the
collector current. These electrons propagate almost perpen-
dicular to the base-collector interface within a nanometer
wide cone, which represents the lateral probe and gives rise
to the high spatial resolution. Electrons which do not fulfill
these two conditions are reflected at the metal-semiconductor
interface.

Previous studies of polycrystalline spin valves addressed
by BEMM, SVT, and MTT studies'"»'%1416-20 did not inves-
tigate the hysteresis loop as a function of the in-plane applied
magnetic field angle. This is due to the fact that a polycrys-
talline structure often leads to a cancellation of the magnetic
anisotropy. Therefore, in-plane hysteresis loops are expected
to be mostly independent of the angle of the applied mag-
netic field. On the other hand, epitaxial or textured ferromag-
netic layers may exhibit an in-plane magnetocrystalline an-
isotropy and allow the detailed investigation of the switching
processes.
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In this work, we present BEMM studies of an epitaxial
Fe3,Cogq/ Au/Fes,Cogq spin valve and its magnetic switching
behavior as a function of the angle of the in-plane applied
magnetic field. To understand the underlying local magneti-
zation behavior, we extracted the magnetic anisotropies from
ferromagnetic resonance (FMR) measurements. In addition,
the macroscopic magnetic behavior was determined by angle
dependent magneto-optic Kerr effect (MOKE) studies.
Complementary, the magnetization orientation at different
external magnetic fields is calculated by hysteresis loop
simulations, which are based on the anisotropy constants ob-
tained from FMR. The used techniques (MOKE and BEMM)
depict the magnetization behavior on macroscopic and mi-
croscopic length scales. The magnetic switching fields of the
spin valve determined by these two techniques agree with
each other within our experimental accuracy. Nevertheless,
local variations of the switching fields of order of about 40%
were observed in BEMM. All experiments presented here
were performed at ambient conditions. Since BEMM is a
local technique with nanometer resolution and magnetic do-
mains usually span larger length scales, we performed local
hysteresis loops on several sample locations on millimeter
scales.

The GaAsg;P3; substrate consists of a 7 um thick
GaAsgP4;(100) layer with a doping level of n=35
X 10' cm™ epitaxially grown onto a n-doped GaAs(100)
wafer with n=10'® cm™. Prior to the metal deposition, the
semiconductor surface has been cleaned by sputtering with
1 keV Ar ions while simultaneously annealing at 870 K in
UHYV conditions. This process has been continued until dif-
fraction spots using high energy electrons (reflection high-
energy electron diffraction) form Bragg peaks on a circle
representing large atomically flat terraces on the surface. The
layer stack of 5 nm Au/2.9 nm Fe;,Cogs/3.6 nm Au/2.9 nm
Fe;4Cogq has been successively evaporated by molecular
beam epitaxy at room temperature. Evidence for the fully
epitaxial growth is reported elsewhere.! In order to keep the
leakage currents flowing into the semiconductor small, the
sample was cut so that the effective diode area is about 1
% 2 mm?. Throughout the paper, we label the Fe;,Cogq layer
deposited directly onto the semiconductor substrate as FM1
and the second Fe;,Cogq layer as FM2.

Layers of Fe,Co;_, with x>0.2 form a stable body cen-
tered cubic lattice?’ and as previously reported for single
crystalline Fe;4Cogg layers on n-GaAs(100), the [110] direc-
tion represents the magnetic easy axis.?>?* This orientation is
due to the angular dependence of the fourfold magnetocrys-
talline anisotropy of a body centered lattice and the uniaxial
contribution from the Fe,Coge/ GaAs(100) interface.?>?>* For
a Fe3,Cogg layer grown onto the related III-V semiconductor
GaAsg;P33(100), one can expect similar magnetic anisotro-
pies with the same easy axis along [110]. For the FM2 layer,
however, only the fourfold crystal anisotropy should be
present and two easy axes along [110] and [1-10] can be
expected.

To gain insight into the magnetic behavior of the spin
valve during the magnetization reversal, the magnetic
anisotropies were determined by FMR measurements. The rf
magnetic field was applied in the film plane but perpendicu-
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FIG. 1. (Color online) (a) Typical ferromagnetic resonance mea-
surement of the spin valve showing two distinct resonances, which
show up as derivatives of Lorentz curves. (b) Angular dependence
of the FMR fields of the spin valve with respect to the [110] axis
and fit with the linearized Landau-Lifshitz equation of motion (solid
line). (c) Energy landscape for the magnetization: contributions of a
uniaxial and a fourfold crystal anisotropy component are present in
the two Fe34Cogq layers.

lar to the dc magnetic field. By measuring the FMR fields as
a function of the in-plane applied field angle ®; with respect
to the [110] orientation, the magnetic anisotropies were de-
termined. In Figs. 1(a) and 1(b), the low field resonance cor-
responds to the layer, with the larger magnetic anisotropy,
i.e., the FMI layer and the high field resonance to the FM2
layer, respectively. The FMR data were analyzed using the
linearized Landau-Lifshitz equation of motion**?> and the
effective anisotropy constants K‘f“ and Ksz are obtained:

FMI1 layer FM2 layer
K" (erg/em™) 3.7X10° 1.4 X105
K (erg/em™) 4410 1.8%10°

Note that the anisotropy constants contain bulk and interface
contributions. Figure 1(c) shows the energy landscape for the
magnetization calculated with the obtained anisotropy con-
stants according to Ref. 24. Both Fe;4Cogq layers exhibit an
energy landscape of even shape composed of a four- and a
twofold component. The magnetic easy axis for both
Fe;,Cogq layers is given by the global minima in Fig. 1(c)
along the [110] axis. The fourfold component can be attrib-
uted to the crystal anisotropy and the twofold component in
the FMI1 layer to the uniaxial anisotropy of the Fe;;Cogq-
GaAsg;P3;3 interface. An additional uniaxial anisotropy com-
ponent with easy axis along [110] is also recognizable for the
FM2 layer. This can be caused by lattice strain or additional
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FIG. 2. Field sweep along the easy [110] axis: (a) Local hyster-
esis loop obtained by BEMM at tunneling voltages of -2 V and at
tunneling currents of 20 nA. (b) Coercive field distribution mea-
sured at several locations on the sample by BEMM.

interface anisotropies.’®?’ Since the global minima of the
crystal anisotropy as well as of the uniaxial interface aniso-
tropy are along the [110] axis, the magnetic easy axis is well
defined along [110], as can be seen in the orientation of the
energy landscape shown in Fig. 1(c).

In Fig. 2(a), we present a typical local hysteresis loop
obtained by BEMM. The external magnetic field has been
swept along the magnetic easy [110] axis. The experimental
parameters were —2 V for the tunneling voltage and 20 nA
for the tunneling current. The local hysteresis loop of Fig.
2(a) exhibits two plateaus, which represent the parallel and
the antiparallel magnetization configuration, respectively. We
were also able to obtain local hysteresis loops of similar
shape on other sample locations but with switching fields
partially deviating by more than 40%, as can be seen in Fig.
2(b). The sample locations were randomly selected from the
whole sample area. A change of the tunneling location on the
sample was performed by the translation of the sample with
a three-axis piezo positioner?® such that a constant relative
angle between sample and magnetic field is maintained. The
statistical distribution of the coercive fields can be fitted by a
combination of two Gaussian curves for each ferromagnetic
layer. The mean coercive field values with the corresponding
standard deviations were determined to be

15 +40e

H,(FM1) =
22 +90e,
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FIG. 3. Field sweep along the easy [110] axis: Magneto-optic
Kerr effect measurement and simulation (solid line) with calculated
magnetization configurations.

53+30e

H.(FM2) = {

70 +300e.
The mean values of the low field Gaussians represent the
most frequently occurring coercive fields and match well the
switching fields of the local hysteresis loop of Fig. 2(a)
(H™'=15 Oe and H™?=53 Oe). The appearance of two
Gaussian distributions is an evidence for the existence of two
different kinds of magnetic domains. The low coercive field
peak is related to weakly pinned domain walls and the larger
coercive fields correspond to more strongly pinned ones.
Since this behavior is found in both layers, the origin of the
pinning can be attributed to defects ranging through both
ferromagnetic layers, e.g., misfit dislocations. The depinning
from these defect sites is different for both layers due to the
different magnetic anisotropies. We performed numerous
scans within our largest scanning range of about 4 um? with
the aim to image magnetic domains using BEMM. Before
starting the scan process, the external magnetic field was
adjusted to field values of 14 and 49 Oe, respectively. After
each scan, the field was increased by field steps of 0.7 Oe.
However, we often observed domain wall motion underneath
the STM tip during the scan process. This observation indi-
cates and confirms to some extent the existence of at least
micrometer-scale domains, which are easily movable, i.e.,
weakly pinned.

The two highest Gaussian peaks of Fig. 2(b) are also re-
flected in MOKE measurements (see Fig. 3). MOKE probes
a macroscopic sample area compared to BEMM and thus
averages the coercive fields over this area. The correspond-
ing hysteresis curve exhibits switching fields of HfMl
=19 Oe and H"™?=57 Oe which match well the data from
Figs. 2(a) and 2(b). The rectangular shape and the sharp two
step switching behavior of the MOKE curve indicate a well
defined parallel and antiparallel magnetization configuration
of the spin valve and a magnetization reversal dominated by
domain wall motion processes. The fingerprint of the domain
wall motion is the sharp change in the local hysteresis loop
or the sharp change in the MOKE data. Since both Fe;,Coge
layers have the same thickness, the smaller Kerr rotation, i.e.,
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FIG. 4. Field sweep along the hard [100] axis: (a) Local hyster-
esis loop obtained by BEMM at tunneling voltages of —1.7 V and at
tunneling currents of 20 nA. (b) Magneto-optic Kerr effect mea-
surement and simulation (solid line) with calculated magnetization
configurations.

the lower magnetic switching field, is attributed to the FM1
layer. In order to achieve a quantitative statement about the
quality of the magnetization alignments, we simulate the
hysteresis loops with the already determined magnetic
anisotropies and calculate the most interesting magnetization
configurations of the spin valve (Fig. 3, solid line). In the
simulations, the domain wall energies are the only free pa-
rameters. They are adjusted such that the simulated curve
shows the same coercive fields as in the experimental results.
With the field sweep along this easy [110] axis only, almost
perfectly collinear magnetization configurations of the spin
valve are reached, which was already indicated by the rect-
angular shape of the local hysteresis loop from BEEM [Fig.
2(a)] and the macroscopic MOKE loop in Fig. 3.

In a second set of BEMM experiments, the external mag-
netic field was applied and swept along the [100] axis. With
respect to the FMR results of Fig. 1, this direction represents
the magnetic hard axis for both ferromagnetic layers. In Fig.
4(a), a typical local hysteresis loop obtained by BEMM is
shown. The experimental parameters were —1.7 V for the
tunneling voltage and 20 nA for the tunneling current. The
magnetocurrent reaches almost the same value of 600% as in
the loop obtained during reversal along the easy axis,!'”
showing that the relative orientation of the local magnetiza-
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tions is almost parallel or antiparallel during the reversal.
Figure 4(b) shows the corresponding MOKE curve. With the
already determined magnetic anisotropies, this hysteresis
curve was also simulated and adjusted to the experimental
data [see Fig. 4(b), solid line]. Starting from saturation and
decreasing the magnetic field, one clearly recognizes a rota-
tion of the magnetizations of the two layers out of the [100]
direction toward the neighboring minimum in the energy
landscape, e.g., to the magnetic easy [110] axis. With suffi-
ciently large opposing field, the FM1 layer switches by an
angle of about 180° via domain wall motion processes. A
further increase of the field leads to magnetization rotation
processes toward the [-100] direction. The same behavior
can be observed for the FM2 layer but with coercive fields
shifted to larger absolute values. The corresponding coercive
fields are 18 and 67 Oe for the FM1 and FM2 layers, respec-
tively. The fact that the influence of the magnetization rota-
tion is not observed in the local hysteresis loop from BEMM
is a result of a nearly parallel rotation process. BEMM is
only sensitive to the relative angle between the two magne-
tizations. In addition, the collector current corresponds only
to the cosine of this angle, which further reduces the sensi-
tivity at small deviations from antiparallel or parallel magne-
tization configuration. The switching fields of H."'=17 Oe
and HSM2:67 Oe, determined from Fig. 4(a), are again con-
sistent with the MOKE results but are significantly larger
compared to the magnetization reversal along the easy axis.

Finally, magnetic field sweeps along the [1-10] axis give
rise to the local hysteresis loop shown in Fig. 5(a). From the
FMR measurements, it is clear that this direction represents
an intermediate magnetic axis for both ferromagnetic layers.
The experimental parameters were —2 V for the tunneling
voltage and 20 nA for the tunneling current. At first glance,
three plateaus are visible, which can be attributed to a paral-
lel, an antiparallel, and a 90° configuration of the spin valve.
The corresponding MOKE curve is shown in Fig. 5(b). For
clarity, only one sweep direction is shown. In contrast to the
local hysteresis loop, no sharp magnetic switching and pla-
teaus are visible in the macroscopic MOKE curve. We can,
however, observe four humps each with a steep and softened
step and, additionally, a nonvanishing slope indicating mag-
netization rotation processes at all external fields. The two
humps around remanence belong to the FM2 layer. In the
BEMM setup, only fields up to 150 Oe can be generated.
Thus, the local hysteresis loop in Fig. 5(a) represents a re-
versal without reaching the saturation state. We now proceed
to simulate the hysteresis curve [points 1-6 in Fig. 5(b)] and
extract the magnetization configuration at the most interest-
ing external field values. With an almost 90° configuration of
the spin valve at fields of £150 Oe and a parallel (points 2
and 3) and an antiparallel (points 4 and 5) configuration at
field values around remanence, the simulated loop repro-
duces satisfactorily the local hysteresis loop at most points
during the magnetization reversal [compare Fig. 5(c)]. How-
ever, at an external magnetic field of about 70 Oe, Fig. 5(a)
shows a sharp change of the magnetization configuration and
differs therefore significantly from the simulation in Fig.
5(c). This difference can be well explained in terms of small
angle deviations from the [1-10] orientation of the external
field in the BEMM experiment. In Figs. 6(a) and 6(b), the
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FIG. 5. Field sweep along the intermediate [1-10] axis: (a) Lo-
cal hysteresis loop obtained by BEMM at tunneling voltages of
-2V and at tunneling currents of 20 nA. (b) Magneto-optic Kerr
effect measurement and simulation (solid line) with calculated mag-
netization configurations. Simulation of the local BEMM hysteresis
loop.

resulting MOKE and BEMM loops accompanied by the cal-
culated magnetization configurations [points 1-6 in Fig.
6(a)] are shown when the external field is swept along an
angle of 2° with respect to the [1-10] axis. These simulations
explain the BEMM loop of Fig. 5(a). At 150 Oe, the magne-
tization of the FM2 layer is orientated parallel to the mag-
netic field, e.g., parallel to the [1-10] axis, while the magne-
tization from the FM1 layer is orientated near the [110] axis,
such that a magnetization configuration with a relative angle
of approximately 90° is reached. Reducing the external field
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[1-10] axis: (a) MOKE hysteresis loop simulation (solid line) with
calculated magnetization configurations. (b) Local hysteresis loop
obtained by BEMM at tunneling voltages of —2 V and at tunneling
currents of 20 nA and simulation (solid line).

leads to a coherent rotation of the spins in both ferromag-
netic layers but predominantly in the FMI1 layer, which is
indicated by the slope in the experimental local hysteresis
loop of Fig. 5(a) and in the macroscopic MOKE loop of Fig.
5(b). While at an external field of 150 Oe the FM2 layer
magnetization is trapped between energy maxima in the
(100) directions arising from the fourfold crystal anisotropy,
the FM1 layer magnetization is orientated between the [110]
and, e.g., the [100] axis. Reducing the external field forces
the FM1 layer magnetization to relax toward the [110] axis.
Further reduction of the external field allows the FM2 layer
magnetization to overcome the above mentioned barriers by
relaxation in magnetic domains rather than coherent rotation
processes, evidenced by the sharp change in the BEMM hys-
teresis loop at an external field of 89 Oe or the sharp change
in Figs. 6(a) (point 2) and 6(b). In BEMM, the domain mag-
netization, probed by the STM tip, was orientated along the
[110] axis, resulting in a parallel magnetization configuration
at fields below 89 Oe. Sweeping the field from 89 to
—75 Oe, the magnetization configuration remains apparently
almost parallel, since no change in the collector current can
be seen. At =75 Oe, the FM2 layer magnetization underneath
the tip flips within a few Oersted due to domain wall motion
processes and the spin valve is in an antiparallel configura-
tion. In Fig. 6(a), this configuration is visible at point 3.
When the external magnetic field is reversed to values below
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—99 Oe, a steep step [seen in Fig. 6(a)] arises and the collec-
tor current reaches values corresponding to an almost 90°
magnetization alignment. The local magnetization in the
FM2 layer switches via domain wall motion to the [-110]
axis, while the FM1 layer is still almost orientated along the
[110] axis [Fig. 6(a), point 4]. In this field range, coherent
magnetization rotation processes force again the FM1 layer
magnetization slowly toward the [-110] axis. Reversing the
sign of the sweep, a similar magnetic behavior is obtained.
This implies that the magnetization reversal along this inter-
mediate axis is dominated by domain wall motion and simul-
taneous spin rotation processes. The hysteresis loop shown in
Fig. 5(a) is mostly a result of magnetization realignment in
the FM2 layer, while the magnetization orientation of the
FM1 layer remains always close to the [110] axis. The mag-
netic field sweep along this intermediate axis inverts more
easily the magnetization of the FM2 layer compared to the
sweep along the magnetic easy or hard axis.

In conclusion, we have studied the local magnetic behav-
ior at room temperature by means of BEMM. We observe a
distinct hot-electron transport behavior by varying an in-
plane external magnetic field along different in-plane angles
with respect to the epitaxial Fes Cogq/ Au/Fes;,Cogq spin
valve. The magnetic anisotropies and the energy landscape
for the magnetizations of the ferromagnetic layers involved
were determined by FMR. Both Fe;,Cogq layers possess an
energy landscape composed of a four- and a twofold compo-
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nent. The magnetic easy directions are aligned along the
[110] directions for the two ferromagnetic layers. The (100)
axes represent magnetic hard axes and the [1-10] directions
an intermediate axis, respectively. The determined magnetic
anisotropy constants allowed us to simulate the local hyster-
esis loops obtained by BEMM and the macroscopic hyster-
esis loops obtained by MOKE as well. In doing so, we were
able to calculate the relative magnetization configuration of
the spin valve as a function of the external magnetic field and
to correlate this reasonably well to the experimental hyster-
esis loops. Since different magnetization configurations of
the spin valve are available, the epitaxial spin valves allow
multimagnetocurrent values in different field directions. In
addition, we found in the experiments with field sweeps
along the easy [110] axis coercive field distributions which
are composed of two Gaussian curves for each Fes Coge
layer. They indicate the existence of weakly pinned and more
strongly pinned types of domains. Further, we found that the
magnetization of the Fe;,Cogq layer grown directly onto the
semiconductor is inverted at lower magnetic fields when the
magnetization reversal is carried out along the easy and hard
axes in contrast to reversals along the intermediate axis.
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