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Multistep magnetic switching in single-crystal (001) Co,MnGe films
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Multistep magnetic switching with single, double, and triple loops has been observed in single{G@&tal
Co,MnGe Heusler alloy films epitaxially grown on GaAB01) 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,MaGe 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 wallserved 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 films magneto-optical indicator film(MOIF) imaging technique
provides unique opportunities for the studies of the intrinsichas been used to study the magnetic domains in single-
magnetic anisotropy of ferromagnetic materials. Of particucrystal CaMnGe films. The MOIF images clearly show the
lar interest is the interplay of uniaxial and cubic magneto-proposed coherent rotation of magnetization. Furthermore,
crystalline anisotropy in single-crystal thin films, in which the MOIF images reveal domain wall propagation in such a
one may observe a variety of switching characteristics withsystem with unusual magnetic anisotropy. The MOIF results
single, double, or even triple jumps. Of these, the magnetigtrongly support our explanation of the hysteresis process.
s_witching behavior of single_-crystal Fe and Fe alloy thin The (001)CeMnGe film, 250 A in thickness, has been
films has been most extensively studfedf Unfortunately,  epitaxially grown on GaAgS001) substrates by molecular
in most of the(100) oriented Fe films, the magnetic anisot- beam epitaxyMBE).2® Among other attributes, GMnGe is

ropy i's dominated by the CUbiC. a_nisotropy with a minisculeone member of the Heusler alloys predicted to be a material
uniaxial component, thus depriving the opportunity to ob- ith high spin polarizatiot? The structural properties of

serve the key features of combined magnetocrystalline an 01)CoMnGe films of cubic structure have been investi-

uniaxial anisotropy. . . . .
Heusler alloys are a group of ternary compounds consistgated using a four-circle x-ray diffraction SySt?m- TMQ.G
scan of the film shows only the (8D peaks with a lattice

ing of full Heuslers(e.g., CgMnSi, C,MnAl) and half- X
Heuslerge.g., NiMnSh first discovered a century adbYet, ~ constant ofa=5.743 A. The rocking curve of th¢004)

there have been renewed interests in these materials becal§@kK of the CoMnGe film gives a full width at half maxima
of their newly discovered properties. For example, some of FPWHM) of 0.24°, which is essentially limited by the film
the Heusler alloys have been predicted to be half-metalli¢hickness. The pole figure of GhinGe (440) peak shows the
ferromagnet§HMF),'® in which there is only one spin band fourfold symmetry at a tilt angle of 45°. The x-ray diffrac-
at Fermi energy and the other spin band is at a gap below thign results demonstrate the high quality of tf@01)
Fermi energy. The HMF's are therefore 100% spin polarizedCo,MnGe film and its epitaxial relationship with the GaAs
with important technological implications in spin polarized substrates, both are essential for the observation of the un-
transportt® Some Heusler alloy$e.g., NbMnGa) also ex- usual switching behavior and the development of the theo-
hibit giant magnetostriction and shape memory effétts. retical model.

Co,MnGe is one of the full-Heusler alloy with the poten-  We have used vibrating sample magnetomeWgM) to
tial of being highly spin polarized. In this paper, we report measure the hysteresis loops at room temperature with the
the unusual magnetic switching behavior of single-crystaimagnetic field applied in the sample plane and at an ggle
Co,MnGe (001 thin films which show single, double, and in 5° steps with respect to tH&10] direction of CgMnGe,
triple hysteresis loops. This behavior can be understood fronvhich is the easy axis of the film. Figure@land 2a) show
a unique magnetic anisotropy, consisting of the cubic magtwo representative hysteresis loopsgt 50° and 75°, re-
netocrystalline anisotropy of single-crystal fMnGe(001) spectively, displaying completely different switching behav-
films and the(surface uniaxial anisotropy of comparable iors. While a single hysteresis loop is observe@at50°, as
magnitude due to the epitaxy with the underlying GaAsitis common for most ferromagnetic materials, the hysteresis
substraté.We have developed a simple model that can quanloop at3=75° consists of three separate loops. In addition
titatively account for the unusual switching behavior. Theto the main loop at the origin, there are two satellite loops
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FIG. 1. (a) The hysteresis loop of a (001)gMdnGe film with FIG. 2. (a) The hysteresis loop of a (001) MnGe film with H

magnetic fieldH applied in the sample plane gt=50° from the  applied in the sample plane At=75° and(b) the diagram illustrat-

[110] axis, (b) the diagram illustrating the direction ofl at five ing the direction oM at nine points on the hysteresis loop labeled

points on the hysteresis loop labeled(a). in (a). The open circles iffia) are the experimental data and the solid
line in (a) is the calculated curve.

centered aHH=+*35 Oe. For all angles, a single loop simi- throughout this work, we have uséd, /M.=—33 Oe and

lar to Fig. Xa) has been observed f@<60°, whereas triple K /M.=20 Oe, which provide quantitative agreement with

loops, such as that in Fig.(®, for 65°<38<85°. At 8 the experimental results.

= 90°_, _the center loop collapses with only two satellite loops  Including only the cubic magnetocrystalline anisotropy,

remaining. (110 are the easy axes, afl00) the hard axes 45° away,
For the (001)CeMnGe films, the groups of110) and  as shown in Fig. ). For uniaxial anisotropy along]10] is

(100 axes are in the film plane. To understand the unusuake easy axis, the hafd 10] axis is 90° away, as shown in

switching behavior, it is essential to examine the CONSerig. 3(c). However, in the (001) GMNnGe films, while[110]
quence of two sources of magnetic anisotropy. The in-plang; ihe easy axis, neither tHj@10] axis (45° away nor the

freg energy density with combined cubic: anisotropy and[110] axis (90° away is the hard axis. Furthermore, hyster-
uniaxial anisotropy can be modeled as : . )
esis loops of single, double, and triple loops have been ob-
served.
E=Kja?a3+K,sif6—H-M, D Instead, in (001) CsMnGe, one has the rare occurrence of
combinedcubic magnetocrystalline anisotropy and uniaxial
whereK, is the cubic anisotropy constant; and, are the ~ anisotropy with comparable magnitude sharing s@me
direction cosines with respect to the in-plane cyhii@0] and ~ €asy axis, where the latter is(surfacg uniaxial anisotropy
[010] axes atw; = §+45° anda,= §—45°. The factoK,is  due to epitaxy on th€001) zinc blende GaAs substratés
the uniaxial anisotropy constan, the angle between mag- shown in Fig. &), calculations including both types of an-
netizationM and the[110] axis, and last term is the Zeeman isotropy show that thg110] axis (¢=0°) is the easiest axis
energy. One can calculake,,/M; as a function ofg, where  With an energy minimum. The hard aximarked by the ver-
E., is the anisotropy energy arld the saturation magneti- tical dashed ling with an energy maximum, is a¥
zation, for cubic magnetocrystalline anisotrofisig. 3b)], = zsin *(K,/K;)—45°=63°, which comes about only
uniaxial anisotropyFig. 3(d)], and the combined anisotropy When the uniaxial anisotropy is comparable with the cubic
[Fig. 3(f)], by including the first, the second, and both terms,anisotropy. More interestingly, there is stdhother energy
respectively, in Eq.1). In Fig. 3b), 3(d), and 3f) and  minimum at thel 110] axis (#=90°), which is the second-
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at point 5. The entire process involves coherent rotation of
magnetization and one nearly 180° switching. It should be
noted that energetically there is no possibility ¥dr to be
oriented between the hard axis and the second-easy axis

[110], indicated by the shaded sectors in Fi¢h)1

For 63°<B=<90°, M could lie either between the hard
axis and the second-easy axis or between the easiest axis and
the hard axis depending on the magnitude of the magnetic
field, resulting in the unusual multistep switching. Consider
the example of3=75° shown in Fig. 2a). At point 1, M is
approximately parallel tdH, i.e., #~B=75°, as shown in
Fig. 2(b). At point 2, just before the first jump coherently
rotates towardg110], the second easy axis. From point 2 to
point 3,M abruptly makes the first highly unusual nearly 90°
switching to be near th§l10] axis. As H decreases from
point 3 to point 5M coherently rotates towards, and passes
the [110] axis until point 5. From point 5 to point @yl

switches to nedr110] via a nearly 180° switching. Between
points 7 and 8, the third switching occurs with another nearly

90° switching asVl switches to be near tHe 10] axis. This
switching and the first switching are symmetrical about the
origin. At point 9,M is nearly aligned withH at #~255°.
The whole process consists of coherent rotation of magneti-
zation as a single domain, two nearly 90° switching and one
nearly 180° switching events.

The highly unusual nearly 90° switching is due to a
second-easly110] axis, in addition to the easielst10] axis.
As H decreases to about 35 Oe near point 2 in Fig),2t is
energetically more favorable fovl to switch suddenly to be
near the[110] axis than to continue rotating towards the

[110] axis. This switching causéd to overcome the energy
barrier of the hard axis and makes the nearly 90° switching.
This is illustrated in Fig. &) for B=75°, where the dotted
and solid curves are favl to remain near the second-easy

[110] axis and the easie$l10] axis, respectively. FoH

FIG. 3. Crystallographic directions of (001)§MnGe film, easy ~ >35 Oe the dotted curve has the lower energy whereas at
and hard axes for(@ cubic magnetocrystalline anisotrop{t) 35 Qe and below, the solid curve has the lower energy, thus
uniaxial anisotropy(e) combined anisotropy, and anisotropy energy \j abruptly makes a near 90° switching to be close to the
as a function of¢, the angle betweeM and[110] axis, for ()  gasjesf110] axis. One notes that the value of 35 Oe obtained
cubic magnetocrystalline anisotropgd) uniaxial anisotropy,(f) in Fig. 3(g) is in good agreement with experimental results
combi?ed anisotropy. Iff), the dashed line marks the_ ha_rd axis at shown in Fig. 2a).

e e e o, Notonly th rtationand swicring af can be descrbed
for M 'at < 63° by Eq. (1), one can also quantitatively account for the mea-

' sured hysteresis loops at all angles. The coherent rotation
part of the hysteresis loops can be calculated from the free

easy axis. As indicated in Fig(&, there are now one easiest X L .
energy in Eq(1). By minimizing E, JE/90=0, we obtain

axis (#=0°), onesecond-easy axis#E 90°), and two hard
axes (P=63° and 117°), a combination that gives rise to the
unusual hysteresis loops. H=———[K,—2K,cog 6+ 45°)cog §—45°)].

For hysteresis loops at 8°8<63°, M always lies be- sin(B—6)
tween the easiest axis and the hard axis, and the hysteresis @
loops are single loops. For the example in Fig@)With 8 Since the measured value of magnetization N&'M
=50°, the directions of magnetization at five representative- cos(3— 6), one can obtaiivl vs H by eliminating6. As an
points[1 through 5 in Fig. {a)] are shown in Fig. ). At example, the solid curve in Fig(@, which agrees well with
point 1, M is approximately parallel téi, i.e., 6~B8=50°.  experiment, is the calculated hysteresis loop using this
As H decreasesdyl rotates towards and passes th&0] easi-  method withK,/M¢=—33 Oe andk,/M=20 Oe for 3
est axis. At—16 Oe,M reverses abruptly to be near the =75° A Stoner-Wohlfarth model, which does not constraint
[110] axis at point 4, before being nearly paralleHcagain  magentization to be in the thin film plane, could also produce

sin(260)
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1F@Boer  pp—— (d)B:I70° ' — talline anisotropy and uniaxial anisotropy with comparable
strength and sharing the same easy axis is rarely realized
experimentally. It requires a single-crystal ferromagnetic film
with cubic anisotropy epitaxially grown on a single-crystal
substrate, which incorporates a uniaxial anisotropy in the fer-
romagnetic film with the same easy axis. These stringent
conditions have been realized in tlf@01)Co,MnGe film,
epitaxially grown on (001)GaAs. Previously, two-jump
switching has been reported in epitaxial Fe thin films due to
the cubic anisotropy.® Hathawayet al. observed a three-
step switching in Fe films at 7° and 12° from the hard axis
[110] and attributed it to the demagnetizing effé&@owburn
et al. reported a hysteresis loop with three jumps in ultrathin
Fe film with cubic anisotropy and a weak uniaxial
anisotropy. They attributed the multijump switching to do-
main wall pinning and the weak uniaxial anisotropy. Coher-
ent rotation was not taken into account avidwas assumed
to lie on the four easy directions of the cubic axes. Based on
=5 50 00 their calculation, three-jump switching can only be observed
H (Oe) H (Oe) in a narrow range of angle whef, is greater than the do-
main wall pinning energy.For the CgMnGe films we stud-
FIG. 4. The experimentalopen circles and calculatedsolid ied, the uniaxial anisotropy energy is much larger than that in
lines) hysteresis loops of the GMInGe film atg=(a) 0°,(b) 60°,  epijtaxial Fe films reported previously. In this work, we have
(c) 65°, (d) 70°, () 80°, and(f) 90°. the opportunity to clearly observe the three-step switching
from 63° up to nearly 90° in these films. We have quantita-
the observed hysteresis but with a different set of anisotropyively shown coherent rotation of magnetization rather than
parameters. Since E(R) does not accommodate irreversible along the four easy axes as previously assufadaddition,
hysteresis including coercivity, the switching fields of two nearly 90° switchings aB>63° have been observed
=25 Oe have been drawn in. The two satellite loops haveind theoretically accounted for.
been specified by two lines at35 Oe, which have been  The MOIF imaging technique provides a powerful tool to
calculated by minimizing the energy as mentioned above anthvestigate the domain wall pattern as well as the magneti-
shown in Fig. 8g). The widths of the satellite loops and the zation rotatiorf® In the MOIF technique, a Bi-substituted
hysteric nature of the two loops are due to the fact Mat iron garnet film(indicatoy with an Al underlayer was placed
needs to overcome the energy barrier of the hard axis and theh top of the sample. A polarized light is focused by a mi-
formation of domains and the propagation of domain wallcroscope on the Al underlayer through the indicator film and
during switching. These aspects can not be reproduced kygflected back. The polarization of the light experiences a
Eq. (2. Faraday rotation in the indicator film. When the microscope
Using the same values &f; /M;=—33 Oe andK,/Mg  polarizers are slightly uncrossed, the variations of the bright-
=20 Oe and the method described above, we have calcuess of the image represent the variations of the stray field
lated the hysteresis loops of (001)8B4nGe at all angles component perpendicular to the indicator film. Thus, any
(B) with only coherent rotation. As shown in Fig. 4, the magnetization discontinuities in the sample, such as the
experimental results are shown as open circles and the cadges, ferromagneti&M) domain walls, and defects, can be
culated curves are shown as solid curves. For the hysteresibserved in the indicator film. The magnetizatih of a
loops atB<63°, as concluded earlier, there is only one loopferromagnetic domain points from the “black” edge towards
due to coherent rotation and one near 180° switchingBAs the “white” edge shown in the MOIF images. MOIF imag-
increases from 0° to 60°, the hysteresis loops become moiiag is very suitable for the study of domain pattern and the
slanted, which is typical for ferromagnets with uniaxial an-rotation of magnetization.
isotropy. At 3>63°, triple loops are observed. The two sat- We have used the MOIF technique to observe the domain
ellite loops becomes more prominent gsapproaches 90° pattern of the (001) GdnGe film at different field angles of
because the switching angle bf increases withg. At B B. We focused the microscope on an area of 1 mm
=90°, the switching angle is close to 90°, and the central< 1.3 mm near the upper right corner of the sample. We will
loop collapses, similar to the hysteresis loop measured withdiscuss the MOIF results at four representative field angles
H perpendicular to the easy axis in magnetic films withg=0°,90°,55°, and-75° below.
uniaxial anisotropy? The excellent agreement between the The hysteresis loop in Fig. 5 is for the magnetic field
experimental data and calculated hysteresis loops in Fig. garallel to the easiest axi®&0°). Six MOIF imaged Figs.
for all values ofg attests to the fact that the simple model is 5(a) to 5(f)], taken at six pointsd,b,c,d,e,f) in the hyster-
suitable for the understanding of the hysteresis process of thesis loop, are shown above the hysteresis loop. The easiest
Co,MnGe films. axis[110] is along the horizontal direction in the MOIF im-
It is important to stress that combined cubic magnetocrysages. The applied magnetic field is parallel to the easiest axis
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FIG. 5. The MOIF images of the (001)gdnGe film with H
parallel to the easiest axig8E0°). The hysteresis loop is shown
below. The easiest axis is horizontal and direction of the magnetic
field is illustrated on the right of the hysteresis loop. The six points
marked in the hysteresis loop indicate where the images were taken:
(@ H=150 Oe, (b) H=—-10 Oe, (c) H=—-12 Oe, (d) H

=—15.6 Oe,e) H=—24 Oe,(f) H=—150 Oe. 2100 50 0 50 100
H (Oe)

with the positive direction pointing to the right. The arrows
in the MOIF images indicate the magnetization directions.
Corresponding to poira in the loop, wheréM is aligned
with H, the black arrow in Fig. @& also shows thaM is
parallel toH. ThatM points from left to right is indicated by
the white contrast at the right edge of the sample. At pojnt
with H=—10 Oe just before the jump, the film is still a
single domain withM pointing to the right. At point with
H=—-12 Oe, whereM began to reverse, stripe domains
with domain walls nearly parallel to the easiest axis in Fig. WhenH is applied parallel to the second easy axig3at
5(c). The white arrows in the stripe domains indicate that=90°, there are two loops in the hysteresis l¢6fg. 4(f)].
they are the intruding domains, whose magnetizations poirfigure 6 shows nine MOIF images taken@t90°, asH is
to the left. AsH=—15.6 Oe at point, the domains witiM swept from positive to negative. In the MOIF images in Fig.
pointing to the left(white arrows become larger at the ex- 6, the second easiest axis is vertical and the positive direction
pense of domains wittM pointing to the right(black ar-  of the magnetic field is up, as indicated by the single-domain
rows), accommodated by domain walls propagating perpenimage shown in Fig. &, and the white contrast at the top
dicular to the easiest axis. At=—24 Oe(pointe) and at edge. AsH decreases to about 29 Oe at pdinjust before
even more negativel (point f), the whole film becomes a the first jump,M still points to the top edge as shown in Fig.
single domain withM pointing to the left. The right edge in 6(b). The right edge of the sample in Fig(b becomes
Figs. 5e) and 5f) becomes black, indicatinyl is pointing  whiter because the magnetization near the edge tends to
towards the left edge. Figurefh appears “smoother” than switch first before the entire film. Al further decreases to
Fig. 5(e) because of fewer defects that require higher field20 Oe at point in the middle of the first jump, stripe domain
to switch. It is clear that in the whole hysteresis prodelss walls that have an angle about 30° with the easiest axis can
completes a 180° switching, similar to that in ferromagneticbe seen in Fig. @). The intruding domaingnarked by white
films with just uniaxial anisotropy. arrow) have a magnetization approximately pointing to the

FIG. 6. The MOIF images of the (001)gdnGe film with H
parallel to the second-easy axi8€90°). The easiest axis is hori-
zontal. The nine points marked in the hysteresis loop in the lower
part indicate where image) to (i) were taken{a) H=100 Oe,(b)
H=29 Oe,(c) H=20 Oe,(d) H=18 QOe,(e) H=0 Oe, (f) H
=—27 Oe,(g H=-31 Oe,(h H=-42 Oe,(i) H=-100 Oe.
The direction of the magnetic field is illustrated on the right of the
hysteresis loop.
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FIG. 7. The MOIF images of the (001)&dnGe film at 8
=55°. The easiest axis is along the horizontal direction. The six
points marked in the hysteresis loop in the lower part indicate
where image(a) to (f) were taken:(a) H=150 Oe, (b) H ;
=—-12 Oe,(c) H=—-17 Oe,(d) H=—-18 Oe,(e) H=—-25 Oe,

(f) H=—150 Oe. The direction of the magnetic field is illustrated
on the right of the hysteresis loop.

right. The white arrow tilts a few degrees towards the top due
to the applied magnetic fiel@0 Oe. At pointd just after the
first jump (H=18 Oe), the whole film essentially becomes a
single domain withM pointing to the right. Therefore, from
ato d, M rotates about 90° during the switching.

At H=0 Oe(pointe), the whole film is a single domain
with magnetization pointing right and parallel to the easies
axis[Fig. 6(d)]. Ideally, if H is exactly parallel to the second-
easy axis, the film should break up into multiple domains
H=0 Oe. Butin reality, the applied magnetic field is off the
second-easy axis one way or the other, resulting in a pr
ferred orientation of magnetization at zero fiéfgight” in
this cas¢ WhenH decreases to the negative side at péint
just before the second jumplE —27 Oe), the filmis stilla  pointing down. At pointi when H was very large in the
single domain. In Fig. @), M approximately points right and negative side, the domain pattern is the same as that in Fig.
bends downwards by a few degrees due to the magnetic fielé(h), except that Fig. 6) looks “smoother.” From poing to
At point g in the middle of the second jumpHE i, M reversed its orientation by twe 90° switching.

—31 Oe), intruding domains with domain walls at an angle We next examine the MOIF images withh applied be-
about 45° with the easiest axis were observed in Fg).6 tween the easiest and the hard axegat63°. At 3=55°,
The magnetization in these intruding domains follows thejust a few degrees before reaching the hard axig=a63°,
field direction and points down. The domain wall orientationthere is only one jump in the hysteresis loop, as shown in
of the intruding domains in Fig.(§) is approximately per- Fig. 7. WhenH is vary large at poina, M is saturated along
pendicular to that in Fig. @). This originates from the fact the field direction, as shown in Fig(&. Both the top and the
thatM rotates from up to right during the first jump and from right edges are white, indicating is at an angle with both
right to down during the second jump. At poihtjust after  edges and pointing towards them. Msdecreases te-12 Oe
the second jump, the film forms a single domain with  at pointb, M is essentially along the easiest agi®rizonta)

FIG. 8. The MOIF images of the GbInGe film at 3= —75°.
t'I' he easiest axis is horizontal direction. The ten images were taken
at(a) H=100 Oe,(b) H=35 Oe,(c) H=30 Oe,(d) H=24 Oe,
a{e) H=-20 Oe, (f) H=—24 Oe, (g9) H=-32 Oe, (h) H

=-39 Oe, (i) H=-46 Oe, (j) H=—100 Oe. The hysteresis

loop in the lower part indicate the ten points where the images were
&aken. The direction of the magnetic field is illustrated on the right
of the hysteresis loop.
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and points righ{the right edge becomes whijeFrom point  clearly seen by comparing the top edge in Fig&)&nd
atob, M coherently rotates about 55° from being parallel to8(e). The top edge changes from somewhat black in Fid) 8

H to along the easiest axis. At poiot(H=—17 Oe),M  to somewhat white in Fig. (&), indicating thatM rotates
starts to reverse. An intruding domain marked with a whiteffrom downwards[Fig. 8(d)] to upwards[Fig. 8(€)]. As H
arrow near the top edge of the sample was observed in Figlecreases te-24 Oe at pointf, intruding domains withM

7(c). The position and the shape of the intruding domain isPointing to the left are observed in Fig(fg Due to the
very close to that in Fig. 8) because in both cased moderate field strength, the magnetization in all domains is

reverses essentially along the easiest axis. Whidrecame ~ Slightly off the easiest axis. At poirg (H=—32 Oe) be-
smaller at pointd (H=—18 Oe), the intruding domain tween the second and the third switching, most area of the

P ; ; film has already reversed. From poto g, M switches by
grows larger, as shown in Fig(d). At point e just afterM o ; o ; .
finished reversal = —25 Oe), the film became a single nearly 180°. At poinh (H=—39 ~Qe), stripe domains at an

: . angle about 45° with the easiest axis can be seen in Hig. 8
domain(except the tiny area near the edges and defekts e 0 ri . o .
H decreased further to nearly150 Oe at poinf, M coher- This is another 90° switching and is pointing up in these

i - . stripe domains. At point, just after the third jump, the film
ently rotates towards the field direction and is paralldfitat becpomes a single 30mai]n Wit close to thie scfcond-easy

pointf. It is clearly seen that the top and right edges in Fig.oyis AsH becomes very large in the negative directibbhis
7(f) are black, opposite to those in FigaY, indicating that  pjigned with the field at poirt Therefore, from poina to h,

M has reversed its direction from poiatto f. The entire 1 a5 two near 90° switching and one near 180° switching
hysteresis process includes ord80° switching and coher- ;. o hqi cycle of the hysteresis loop.
ent rotation ofM. o _ o It is particularly useful to compare the magnetization di-
The most unusual switching behavior of this single- o tions deduced from the theoretical model as shown Fig.
crystal CgMnGe film is that it displays a three-step switch- 5y ang the actual directions as indicated by the MOIF
ing at 63°< < 90°. Figure 8 shows ten MOIF images taken jmages shown in Figs.(8-8(). The magnetization direc-
at positions marked in the hysteresis loop /& —75°%,  jons (1,2 ..,8,9) inFig. 2(b) have been obtained from the
which has the same characteristics as thg@@a75°, due 10 hegretical model that can reproduce the hysteresis loop in
symmetry. WherH is large in the positive directiofpoint  rjg 2(a). The actual domain observation as shown in Figs.
a), M is parallel toH, as shown in Fig. @). At pointb  g(g)_g(j) confirms these magnetization directions during the
(H=35 Oe), just before the first switching, the whole film gntire hysteretic process.

is still a single domain, except tha¥] rotates towards the In summary, a combined cubic anisotropy and uniaxial
second-easy axivertica) by a few degrees. This is because gpisotropy  has  been  realized in  single-crystal
the Zeeman energy-(H-M) increases abl decreases from (9g1)CgMnGe films epitaxially grown orf001)GaAs sub-
100 to 35 Oe. As a resul rotates towards magnetically girates. As a result, within the film plane, there are one easi-

easier direction, the second-easy axis. The lines in Fiy. 8 . o o
i~ . ) . est axis[110] (#=0°), one second-easy axi§110] (6
indicate the defects in the film, wheid differs from the ~90°), and two hard axesfE63° and 117°). We have

large area of the film. At point in the middle of the first observed single-loop, two-loop, and unusual three-loop

switching H=30 Oe), stripe domains at an angle about 30°_ >~ . ; e :
: . : Lo .~ switching behavior when the magnetic field has been applied
with the easiest axis are observed in Figc)8The magneti at angleg with the [110] axis. A simple model can numeri-

zation in these intruding domains is approximately along thecall account for the results at all angles. Domain patterns in
easiest axis and pointing to the right. At poidt (H y ges. P

. 2 ! the CoMnGe films have been clearly observed using the
- 24 Qe), Just after the flrs_tjump, the; whole film t_aecomes al\/IOIFCt%echnique. The MOIF images rezeal near 90° ang near
smgle domain withM pointing esgentlally to the right. _The 180° switching, as well as the coherent rotation of magneti-
?:I—QZT g(;v;nwic:;% 2%':'[';'59; z?f(l.?])ulss 332;0 ttr?:f?rg]tasli/\filtilr?- zation at various directions of the magnetic field. The MOIF
) PP ol ' 9 .. Imaging results are in excellent agreement with the theoreti-
ing, M rotates nearly 90° from near the second-easy axis t

; . %al model.
near the easiest axis.
From pointd to e, M coherently rotates in counterclock- ~ This work was supported by NSF Grant No. DMRO1-
wise direction. And the rotation &fl by a small angle can be 01814,
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