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Multistep magnetic switching in single-crystal„001…Co2MnGe films
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Multistep magnetic switching with single, double, and triple loops has been observed in single-crystal~001!
Co2MnGe Heusler alloy films epitaxially grown on GaAs~001! substrates due to a combined magnetic anisot-
ropy consisting of cubic magnetocrystalline anisotropy and uniaxial anisotropy. Theoretical calculations of the
hysteresis loops using coherent rotation show excellent agreement with the experimental results. Domain
patterns and magnetization rotation in the Co2MnGe films have been studied using the magneto-optical indi-
cator film ~MOIF! imaging technique. Magnetic domains and domain walls, as well as the coherent rotation of
magnetization in single-step, double-step, and triple-step switching have been clearly observed. The magnetic
switching field and domain wall pattern (90° and 180° domain walls! observed from the MOIF images are in
excellent agreement with the results of the hysteresis measurements and the theoretical model.
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The availability of high-quality single-crystal thin film
provides unique opportunities for the studies of the intrin
magnetic anisotropy of ferromagnetic materials. Of parti
lar interest is the interplay of uniaxial and cubic magne
crystalline anisotropy in single-crystal thin films, in whic
one may observe a variety of switching characteristics w
single, double, or even triple jumps. Of these, the magn
switching behavior of single-crystal Fe and Fe alloy th
films has been most extensively studied.1–13 Unfortunately,
in most of the~100! oriented Fe films, the magnetic aniso
ropy is dominated by the cubic anisotropy with a miniscu
uniaxial component, thus depriving the opportunity to o
serve the key features of combined magnetocrystalline
uniaxial anisotropy.

Heusler alloys are a group of ternary compounds cons
ing of full Heuslers~e.g., Co2MnSi, Cu2MnAl) and half-
Heuslers~e.g., NiMnSn! first discovered a century ago.14 Yet,
there have been renewed interests in these materials be
of their newly discovered properties. For example, some
the Heusler alloys have been predicted to be half-meta
ferromagnets~HMF!,15 in which there is only one spin ban
at Fermi energy and the other spin band is at a gap below
Fermi energy. The HMF’s are therefore 100% spin polariz
with important technological implications in spin polarize
transport.16 Some Heusler alloys~e.g., Ni2MnGa) also ex-
hibit giant magnetostriction and shape memory effects.17

Co2MnGe is one of the full-Heusler alloy with the poten
tial of being highly spin polarized. In this paper, we repo
the unusual magnetic switching behavior of single-crys
Co2MnGe ~001! thin films which show single, double, an
triple hysteresis loops. This behavior can be understood f
a unique magnetic anisotropy, consisting of the cubic m
netocrystalline anisotropy of single-crystal Co2MnGe(001)
films and the~surface! uniaxial anisotropy of comparabl
magnitude due to the epitaxy with the underlying Ga
substrate.2 We have developed a simple model that can qu
titatively account for the unusual switching behavior. T
0163-1829/2002/65~17!/174410~8!/$20.00 65 1744
c
-
-

h
ic

-
d

t-

use
f

ic

he
,

t
l

m
-

-

magneto-optical indicator film~MOIF! imaging technique
has been used to study the magnetic domains in sin
crystal Co2MnGe films. The MOIF images clearly show th
proposed coherent rotation of magnetization. Furtherm
the MOIF images reveal domain wall propagation in suc
system with unusual magnetic anisotropy. The MOIF resu
strongly support our explanation of the hysteresis proces

The (001)Co2MnGe film, 250 Å in thickness, has bee
epitaxially grown on GaAs~001! substrates by molecula
beam epitaxy~MBE!.18 Among other attributes, Co2MnGe is
one member of the Heusler alloys predicted to be a mate
with high spin polarization.19 The structural properties o
(001)Co2MnGe films of cubic structure have been inves
gated using a four-circle x-ray diffraction system. Theu/2u
scan of the film shows only the (00n) peaks with a lattice
constant ofa55.743 Å. The rocking curve of the~004!
peak of the Co2MnGe film gives a full width at half maxima
~FWHM! of 0.24°, which is essentially limited by the film
thickness. The pole figure of Co2MnGe~440! peak shows the
fourfold symmetry at a tilt angle of 45°. The x-ray diffrac
tion results demonstrate the high quality of the~001!
Co2MnGe film and its epitaxial relationship with the GaA
substrates, both are essential for the observation of the
usual switching behavior and the development of the th
retical model.

We have used vibrating sample magnetometry~VSM! to
measure the hysteresis loops at room temperature with
magnetic field applied in the sample plane and at an angb
in 5° steps with respect to the@110# direction of Co2MnGe,
which is the easy axis of the film. Figures 1~a! and 2~a! show
two representative hysteresis loops atb550° and 75°, re-
spectively, displaying completely different switching beha
iors. While a single hysteresis loop is observed atb550°, as
it is common for most ferromagnetic materials, the hystere
loop atb575° consists of three separate loops. In addit
to the main loop at the origin, there are two satellite loo
©2002 The American Physical Society10-1
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centered atH5635 Oe. For all angles, a single loop sim
lar to Fig. 1~a! has been observed forb<60°, whereas triple
loops, such as that in Fig. 2~a!, for 65°<b<85°. At b
590°, the center loop collapses with only two satellite loo
remaining.

For the (001)Co2MnGe films, the groups of̂110& and
^100& axes are in the film plane. To understand the unus
switching behavior, it is essential to examine the con
quence of two sources of magnetic anisotropy. The in-pl
free energy density with combined cubic anisotropy a
uniaxial anisotropy can be modeled as

E5K1a1
2a2

21Kusin2u2H•M , ~1!

whereK1 is the cubic anisotropy constant,a1 anda2 are the
direction cosines with respect to the in-plane cubic@100# and
@010# axes ata15u145° anda25u245°. The factorKu is
the uniaxial anisotropy constant,u the angle between mag
netizationM and the@110# axis, and last term is the Zeema
energy. One can calculateEan/Ms as a function ofu, where
Ean is the anisotropy energy andMs the saturation magneti
zation, for cubic magnetocrystalline anisotropy@Fig. 3~b!#,
uniaxial anisotropy@Fig. 3~d!#, and the combined anisotrop
@Fig. 3~f!#, by including the first, the second, and both term
respectively, in Eq.~1!. In Fig. 3~b!, 3~d!, and 3~f! and

FIG. 1. ~a! The hysteresis loop of a (001)Co2MnGe film with
magnetic fieldH applied in the sample plane atb550° from the
@110# axis, ~b! the diagram illustrating the direction ofM at five
points on the hysteresis loop labeled in~a!.
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throughout this work, we have usedK1 /Ms5233 Oe and
Ku /Ms520 Oe, which provide quantitative agreement w
the experimental results.

Including only the cubic magnetocrystalline anisotrop
^110& are the easy axes, and^100& the hard axes 45° away
as shown in Fig. 3~a!. For uniaxial anisotropy alone,@110# is
the easy axis, the hard@11̄0# axis is 90° away, as shown in
Fig. 3~c!. However, in the (001)Co2MnGe films, while@110#
is the easy axis, neither the@010# axis (45° away! nor the

@ 1̄10# axis (90° away! is the hard axis. Furthermore, hyste
esis loops of single, double, and triple loops have been
served.

Instead, in (001)Co2MnGe, one has the rare occurrence
combinedcubic magnetocrystalline anisotropy and uniax
anisotropy with comparable magnitude sharing thesame
easy axis, where the latter is a~surface! uniaxial anisotropy
due to epitaxy on the~001! zinc blende GaAs substrate.2 As
shown in Fig. 3~f!, calculations including both types of an
isotropy show that the@110# axis (u50°) is the easiest axis
with an energy minimum. The hard axis~marked by the ver-
tical dashed line!, with an energy maximum, is atu
5 1

2 sin21(Ku /K1)245°563°, which comes about only
when the uniaxial anisotropy is comparable with the cu
anisotropy. More interestingly, there is stillanotherenergy
minimum at the@11̄0# axis (u590°), which is the second

FIG. 2. ~a! The hysteresis loop of a (001)Co2MnGe film with H
applied in the sample plane atb575° and~b! the diagram illustrat-
ing the direction ofM at nine points on the hysteresis loop label
in ~a!. The open circles in~a! are the experimental data and the so
line in ~a! is the calculated curve.
0-2
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MULTISTEP MAGNETIC SWITCHING IN SINGLE- . . . PHYSICAL REVIEW B 65 174410
easy axis. As indicated in Fig. 3~e!, there are now one easie
axis (u50°), onesecond-easy axis (u590°), and two hard
axes (u563° and 117°), a combination that gives rise to t
unusual hysteresis loops.

For hysteresis loops at 0°<b,63°, M always lies be-
tween the easiest axis and the hard axis, and the hyste
loops are single loops. For the example in Fig. 1~a! with b
550°, the directions of magnetization at five representa
points @1 through 5 in Fig. 1~a!# are shown in Fig. 1~b!. At
point 1, M is approximately parallel toH, i.e., u'b550°.
As H decreases,M rotates towards and passes the@110# easi-
est axis. At216 Oe, M reverses abruptly to be near th

@ 1̄1̄0# axis at point 4, before being nearly parallel toH again

FIG. 3. Crystallographic directions of (001)Co2MnGe film, easy
and hard axes for~a! cubic magnetocrystalline anisotropy,~c!
uniaxial anisotropy,~e! combined anisotropy, and anisotropy ener
as a function ofu, the angle betweenM and @110# axis, for ~b!
cubic magnetocrystalline anisotropy,~d! uniaxial anisotropy,~f!
combined anisotropy. In~f!, the dashed line marks the hard axis
u563°. ~g! The dependence of energy on magnetic field forb
575°. The dotted curve is forM at u.63° and the solid curve is
for M at u,63°.
17441
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at point 5. The entire process involves coherent rotation
magnetization and one nearly 180° switching. It should
noted that energetically there is no possibility forM to be
oriented between the hard axis and the second-easy

@11̄0#, indicated by the shaded sectors in Fig. 1~b!.
For 63°,b<90°, M could lie either between the har

axis and the second-easy axis or between the easiest axi
the hard axis depending on the magnitude of the magn
field, resulting in the unusual multistep switching. Consid
the example ofb575° shown in Fig. 2~a!. At point 1, M is
approximately parallel toH, i.e., u'b575°, as shown in
Fig. 2~b!. At point 2, just before the first jump,M coherently
rotates towards@11̄0#, the second easy axis. From point 2
point 3,M abruptly makes the first highly unusual nearly 9
switching to be near the@110# axis. As H decreases from
point 3 to point 5,M coherently rotates towards, and pass
the @110# axis until point 5. From point 5 to point 6,M
switches to near@ 1̄1̄0# via a nearly 180° switching. Betwee
points 7 and 8, the third switching occurs with another nea
90° switching asM switches to be near the@ 1̄10# axis. This
switching and the first switching are symmetrical about
origin. At point 9, M is nearly aligned withH at u'255°.
The whole process consists of coherent rotation of magn
zation as a single domain, two nearly 90° switching and o
nearly 180° switching events.

The highly unusual nearly 90° switching is due to
second-easy@11̄0# axis, in addition to the easiest@110# axis.
As H decreases to about 35 Oe near point 2 in Fig. 2~a!, it is
energetically more favorable forM to switch suddenly to be
near the@110# axis than to continue rotating towards th

@11̄0# axis. This switching causesM to overcome the energy
barrier of the hard axis and makes the nearly 90° switchi
This is illustrated in Fig. 3~g! for b575°, where the dotted
and solid curves are forM to remain near the second-ea

@11̄0# axis and the easiest@110# axis, respectively. ForH
.35 Oe the dotted curve has the lower energy wherea
35 Oe and below, the solid curve has the lower energy, t
M abruptly makes a near 90° switching to be close to
easiest@110# axis. One notes that the value of 35 Oe obtain
in Fig. 3~g! is in good agreement with experimental resu
shown in Fig. 2~a!.

Not only the rotation and switching ofM can be described
by Eq. ~1!, one can also quantitatively account for the me
sured hysteresis loops at all angles. The coherent rota
part of the hysteresis loops can be calculated from the
energy in Eq.~1!. By minimizing E, ]E/]u50, we obtain

H5
sin~2u!

sin~b2u!
@Ku22K1cos~u145°!cos~u245°!#.

~2!

Since the measured value of magnetization isM /Ms
5cos(b2u), one can obtainM vs H by eliminatingu. As an
example, the solid curve in Fig. 2~a!, which agrees well with
experiment, is the calculated hysteresis loop using
method withK1 /Ms5233 Oe andKu /Ms520 Oe forb
575°. A Stoner-Wohlfarth model, which does not constra
magentization to be in the thin film plane, could also produ
0-3
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F. Y. YANG et al. PHYSICAL REVIEW B 65 174410
the observed hysteresis but with a different set of anisotr
parameters. Since Eq.~2! does not accommodate irreversib
hysteresis including coercivity, the switching fields
625 Oe have been drawn in. The two satellite loops h
been specified by two lines at635 Oe, which have been
calculated by minimizing the energy as mentioned above
shown in Fig. 3~g!. The widths of the satellite loops and th
hysteric nature of the two loops are due to the fact thatM
needs to overcome the energy barrier of the hard axis and
formation of domains and the propagation of domain w
during switching. These aspects can not be reproduced
Eq. ~2!.

Using the same values ofK1 /Ms5233 Oe andKu /Ms
520 Oe and the method described above, we have ca
lated the hysteresis loops of (001)Co2MnGe at all angles
(b) with only coherent rotation. As shown in Fig. 4, th
experimental results are shown as open circles and the
culated curves are shown as solid curves. For the hyste
loops atb,63°, as concluded earlier, there is only one lo
due to coherent rotation and one near 180° switching. Ab
increases from 0° to 60°, the hysteresis loops become m
slanted, which is typical for ferromagnets with uniaxial a
isotropy. Atb.63°, triple loops are observed. The two sa
ellite loops becomes more prominent asb approaches 90°
because the switching angle ofM increases withb. At b
590°, the switching angle is close to 90°, and the cen
loop collapses, similar to the hysteresis loop measured w
H perpendicular to the easy axis in magnetic films w
uniaxial anisotropy.18 The excellent agreement between t
experimental data and calculated hysteresis loops in Fi
for all values ofb attests to the fact that the simple model
suitable for the understanding of the hysteresis process o
Co2MnGe films.

It is important to stress that combined cubic magnetocr

FIG. 4. The experimental~open circles! and calculated~solid
lines! hysteresis loops of the Co2MnGe film atb5(a) 0°, ~b! 60°,
~c! 65°, ~d! 70°, ~e! 80°, and~f! 90°.
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talline anisotropy and uniaxial anisotropy with comparab
strength and sharing the same easy axis is rarely real
experimentally. It requires a single-crystal ferromagnetic fi
with cubic anisotropy epitaxially grown on a single-cryst
substrate, which incorporates a uniaxial anisotropy in the
romagnetic film with the same easy axis. These string
conditions have been realized in the~001!Co2MnGe film,
epitaxially grown on ~001!GaAs. Previously, two-jump
switching has been reported in epitaxial Fe thin films due
the cubic anisotropy.3–6 Hathawayet al. observed a three
step switching in Fe films at 7° and 12° from the hard a
@110# and attributed it to the demagnetizing effect.1 Cowburn
et al. reported a hysteresis loop with three jumps in ultrath
Fe film with cubic anisotropy and a weak uniaxi
anisotropy.7 They attributed the multijump switching to do
main wall pinning and the weak uniaxial anisotropy. Coh
ent rotation was not taken into account andM was assumed
to lie on the four easy directions of the cubic axes. Based
their calculation, three-jump switching can only be observ
in a narrow range of angle whenKu is greater than the do
main wall pinning energy.7 For the Co2MnGe films we stud-
ied, the uniaxial anisotropy energy is much larger than tha
epitaxial Fe films reported previously. In this work, we ha
the opportunity to clearly observe the three-step switch
from 63° up to nearly 90° in these films. We have quanti
tively shown coherent rotation of magnetization rather th
along the four easy axes as previously assumed.7 In addition,
two nearly 90° switchings atb.63° have been observe
and theoretically accounted for.

The MOIF imaging technique provides a powerful tool
investigate the domain wall pattern as well as the magn
zation rotation.20 In the MOIF technique, a Bi-substitute
iron garnet film~indicator! with an Al underlayer was placed
on top of the sample. A polarized light is focused by a m
croscope on the Al underlayer through the indicator film a
reflected back. The polarization of the light experience
Faraday rotation in the indicator film. When the microsco
polarizers are slightly uncrossed, the variations of the brig
ness of the image represent the variations of the stray fi
component perpendicular to the indicator film. Thus, a
magnetization discontinuities in the sample, such as
edges, ferromagnetic~FM! domain walls, and defects, can b
observed in the indicator film. The magnetizationM of a
ferromagnetic domain points from the ‘‘black’’ edge towar
the ‘‘white’’ edge shown in the MOIF images. MOIF imag
ing is very suitable for the study of domain pattern and
rotation of magnetization.

We have used the MOIF technique to observe the dom
pattern of the (001)Co2MnGe film at different field angles o
b. We focused the microscope on an area of 1 m
31.3 mm near the upper right corner of the sample. We w
discuss the MOIF results at four representative field ang
b50°,90°,55°, and275° below.

The hysteresis loop in Fig. 5 is for the magnetic fie
parallel to the easiest axis (b50°). Six MOIF images@Figs.
5~a! to 5~f!#, taken at six points (a,b,c,d,e, f ) in the hyster-
esis loop, are shown above the hysteresis loop. The ea
axis @110# is along the horizontal direction in the MOIF im
ages. The applied magnetic field is parallel to the easiest
0-4
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MULTISTEP MAGNETIC SWITCHING IN SINGLE- . . . PHYSICAL REVIEW B 65 174410
with the positive direction pointing to the right. The arrow
in the MOIF images indicate the magnetization directions

Corresponding to pointa in the loop, whereM is aligned
with H, the black arrow in Fig. 5~a! also shows thatM is
parallel toH. ThatM points from left to right is indicated by
the white contrast at the right edge of the sample. At poinb,
with H5210 Oe just before the jump, the film is still
single domain withM pointing to the right. At pointc with
H5212 Oe, whereM began to reverse, stripe domain
with domain walls nearly parallel to the easiest axis in F
5~c!. The white arrows in the stripe domains indicate th
they are the intruding domains, whose magnetizations p
to the left. AsH5215.6 Oe at pointd, the domains withM
pointing to the left~white arrows! become larger at the ex
pense of domains withM pointing to the right~black ar-
rows!, accommodated by domain walls propagating perp
dicular to the easiest axis. AtH5224 Oe~point e) and at
even more negativeH ~point f ), the whole film becomes a
single domain withM pointing to the left. The right edge in
Figs. 5~e! and 5~f! becomes black, indicatingM is pointing
towards the left edge. Figure 5~f! appears ‘‘smoother’’ than
Fig. 5~e! because of fewer defects that require higher fie
to switch. It is clear that in the whole hysteresis processM
completes a 180° switching, similar to that in ferromagne
films with just uniaxial anisotropy.

FIG. 5. The MOIF images of the (001)Co2MnGe film with H
parallel to the easiest axis (b50°). Thehysteresis loop is shown
below. The easiest axis is horizontal and direction of the magn
field is illustrated on the right of the hysteresis loop. The six poi
marked in the hysteresis loop indicate where the images were ta
~a! H5150 Oe, ~b! H5210 Oe, ~c! H5212 Oe, ~d! H
5215.6 Oe,~e! H5224 Oe,~f! H52150 Oe.
17441
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When H is applied parallel to the second easy axis atb
590°, there are two loops in the hysteresis loop@Fig. 4~f!#.
Figure 6 shows nine MOIF images taken atb590°, asH is
swept from positive to negative. In the MOIF images in F
6, the second easiest axis is vertical and the positive direc
of the magnetic field is up, as indicated by the single-dom
image shown in Fig. 6~a!, and the white contrast at the to
edge. AsH decreases to about 29 Oe at pointb, just before
the first jump,M still points to the top edge as shown in Fi
6~b!. The right edge of the sample in Fig. 6~b! becomes
whiter because the magnetization near the edge tend
switch first before the entire film. AsH further decreases to
20 Oe at pointc in the middle of the first jump, stripe domai
walls that have an angle about 30° with the easiest axis
be seen in Fig. 6~c!. The intruding domains~marked by white
arrow! have a magnetization approximately pointing to t

ic
s
n:

FIG. 6. The MOIF images of the (001)Co2MnGe film with H
parallel to the second-easy axis (b590°). The easiest axis is hori
zontal. The nine points marked in the hysteresis loop in the lo
part indicate where image~a! to ~i! were taken:~a! H5100 Oe,~b!
H529 Oe, ~c! H520 Oe, ~d! H518 Oe, ~e! H50 Oe, ~f! H
5227 Oe,~g! H5231 Oe,~h! H5242 Oe,~i! H52100 Oe.
The direction of the magnetic field is illustrated on the right of t
hysteresis loop.
0-5
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F. Y. YANG et al. PHYSICAL REVIEW B 65 174410
right. The white arrow tilts a few degrees towards the top d
to the applied magnetic field~20 Oe!. At point d just after the
first jump (H518 Oe), the whole film essentially becomes
single domain withM pointing to the right. Therefore, from
a to d, M rotates about 90° during the switching.

At H50 Oe~point e), the whole film is a single domain
with magnetization pointing right and parallel to the easi
axis@Fig. 6~d!#. Ideally, if H is exactly parallel to the second
easy axis, the film should break up into multiple domains
H50 Oe. But in reality, the applied magnetic field is off th
second-easy axis one way or the other, resulting in a
ferred orientation of magnetization at zero field~‘‘right’’ in
this case!. WhenH decreases to the negative side at poinf
just before the second jump (H5227 Oe), the film is still a
single domain. In Fig. 6~f!, M approximately points right and
bends downwards by a few degrees due to the magnetic fi
At point g in the middle of the second jump (H5
231 Oe), intruding domains with domain walls at an ang
about 45° with the easiest axis were observed in Fig. 6~g!.
The magnetization in these intruding domains follows
field direction and points down. The domain wall orientati
of the intruding domains in Fig. 6~g! is approximately per-
pendicular to that in Fig. 6~c!. This originates from the fac
thatM rotates from up to right during the first jump and fro
right to down during the second jump. At pointh just after
the second jump, the film forms a single domain withM

FIG. 7. The MOIF images of the (001)Co2MnGe film at b
555°. The easiest axis is along the horizontal direction. The
points marked in the hysteresis loop in the lower part indic
where image ~a! to ~f! were taken: ~a! H5150 Oe, ~b! H
5212 Oe,~c! H5217 Oe,~d! H5218 Oe,~e! H5225 Oe,
~f! H52150 Oe. The direction of the magnetic field is illustrat
on the right of the hysteresis loop.
17441
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pointing down. At pointi when H was very large in the
negative side, the domain pattern is the same as that in
6~h!, except that Fig. 6~i! looks ‘‘smoother.’’ From pointa to
i, M reversed its orientation by two;90° switching.

We next examine the MOIF images withH applied be-
tween the easiest and the hard axes atb563°. At b555°,
just a few degrees before reaching the hard axis atb563°,
there is only one jump in the hysteresis loop, as shown
Fig. 7. WhenH is vary large at pointa, M is saturated along
the field direction, as shown in Fig. 7~a!. Both the top and the
right edges are white, indicatingM is at an angle with both
edges and pointing towards them. AsH decreases to212 Oe
at pointb, M is essentially along the easiest axis~horizontal!

ix
e

FIG. 8. The MOIF images of the Co2MnGe film at b5275°.
The easiest axis is horizontal direction. The ten images were ta
at ~a! H5100 Oe,~b! H535 Oe,~c! H530 Oe,~d! H524 Oe,
~e! H5220 Oe, ~f! H5224 Oe, ~g! H5232 Oe, ~h! H
5239 Oe, ~i! H5246 Oe, ~j! H52100 Oe. The hysteresis
loop in the lower part indicate the ten points where the images w
taken. The direction of the magnetic field is illustrated on the rig
of the hysteresis loop.
0-6
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MULTISTEP MAGNETIC SWITCHING IN SINGLE- . . . PHYSICAL REVIEW B 65 174410
and points right~the right edge becomes whiter!. From point
a to b, M coherently rotates about 55° from being parallel
H to along the easiest axis. At pointc (H5217 Oe),M
starts to reverse. An intruding domain marked with a wh
arrow near the top edge of the sample was observed in
7~c!. The position and the shape of the intruding domain
very close to that in Fig. 5~d! because in both cases,M
reverses essentially along the easiest axis. WhenH became
smaller at pointd (H5218 Oe), the intruding domain
grows larger, as shown in Fig. 7~d!. At point e just afterM
finished reversal (H5225 Oe), the film became a singl
domain~except the tiny area near the edges and defects!. As
H decreased further to nearly2150 Oe at pointf, M coher-
ently rotates towards the field direction and is parallel toH at
point f. It is clearly seen that the top and right edges in F
7~f! are black, opposite to those in Fig. 7~a!, indicating that
M has reversed its direction from pointa to f. The entire
hysteresis process includes one;180° switching and coher
ent rotation ofM .

The most unusual switching behavior of this sing
crystal Co2MnGe film is that it displays a three-step switc
ing at 63°,b,90°. Figure 8 shows ten MOIF images take
at positions marked in the hysteresis loop atb5275°,
which has the same characteristics as that atb575°, due to
symmetry. WhenH is large in the positive direction~point
a), M is parallel toH, as shown in Fig. 8~a!. At point b
(H535 Oe), just before the first switching, the whole fil
is still a single domain, except that,M rotates towards the
second-easy axis~vertical! by a few degrees. This is becau
the Zeeman energy (2H•M ) increases asH decreases from
100 to 35 Oe. As a result,M rotates towards magneticall
easier direction, the second-easy axis. The lines in Fig.~b!
indicate the defects in the film, whereM differs from the
large area of the film. At pointc in the middle of the first
switching (H530 Oe), stripe domains at an angle about 3
with the easiest axis are observed in Fig. 8~c!. The magneti-
zation in these intruding domains is approximately along
easiest axis and pointing to the right. At pointd (H
524 Oe), just after the first jump, the whole film become
single domain withM pointing essentially to the right. Th
slight downward ofM in Fig. 8~d! is due to the small field
~124 Oe! applied atb5275°. Thus, during the first switch
ing, M rotates nearly 90° from near the second-easy axi
near the easiest axis.

From pointd to e, M coherently rotates in counterclock
wise direction. And the rotation ofM by a small angle can be
tie
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clearly seen by comparing the top edge in Figs. 8~d! and
8~e!. The top edge changes from somewhat black in Fig. 8~d!
to somewhat white in Fig. 8~e!, indicating thatM rotates
from downwards@Fig. 8~d!# to upwards@Fig. 8~e!#. As H
decreases to224 Oe at pointf, intruding domains withM
pointing to the left are observed in Fig. 8~f!. Due to the
moderate field strength, the magnetization in all domain
slightly off the easiest axis. At pointg (H5232 Oe) be-
tween the second and the third switching, most area of
film has already reversed. From pointe to g, M switches by
nearly 180°. At pointh (H5239 Oe), stripe domains at a
angle about 45° with the easiest axis can be seen in Fig. 8~h!.
This is another 90° switching andM is pointing up in these
stripe domains. At pointi, just after the third jump, the film
becomes a single domain withM close to the second-eas
axis. AsH becomes very large in the negative direction,M is
aligned with the field at pointj. Therefore, from pointa to h,
M has two near 90° switching and one near 180° switch
in a half cycle of the hysteresis loop.

It is particularly useful to compare the magnetization
rections deduced from the theoretical model as shown
2~b!, and the actual directions as indicated by the MO
images shown in Figs. 8~a!–8~j!. The magnetization direc
tions (1,2, . . . ,8,9) inFig. 2~b! have been obtained from th
theoretical model that can reproduce the hysteresis loo
Fig. 2~a!. The actual domain observation as shown in Fi
8~a!–8~j! confirms these magnetization directions during t
entire hysteretic process.

In summary, a combined cubic anisotropy and uniax
anisotropy has been realized in single-crys
(001)Co2MnGe films epitaxially grown on~001!GaAs sub-
strates. As a result, within the film plane, there are one e
est axis @110# (u50°), one second-easy axis@11̄0# (u
590°), and two hard axes (u563° and 117°). We have
observed single-loop, two-loop, and unusual three-lo
switching behavior when the magnetic field has been app
at angleb with the @110# axis. A simple model can numeri
cally account for the results at all angles. Domain pattern
the Co2MnGe films have been clearly observed using t
MOIF technique. The MOIF images reveal near 90° and n
180° switching, as well as the coherent rotation of magn
zation at various directions of the magnetic field. The MO
imaging results are in excellent agreement with the theor
cal model.
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