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Origin of the magnetization reversal of an Fe thin film on S{111)
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(Received 27 September 1999

The magnetic behavior of a 60-A Fe film grown or(1il) is reported and discussed. Scanning tunneling
microcopy images showed Fe stripes along one of fli€) directions in the(111) plane, which favors easy
magnetization axis parallel to the stripes. Inverted in-plane hysteresis loops and loops with unusual local peaks
were measured and interpreted. A phenomenological model was proposed to interpret the magnetization data
and an excellent concordance between the experimental and the calculated curves was obtained. The peculiari-
ties in the magnetization curves are directly related to the very small misorientation of the sample’s surface
from the (111) plane, and to competing anisotropies. The model calculations showed that the magnetization
leaves the sample’s plane for small fields, forming an obtuse angle with the field for some configurations, thus
resulting in negative remanence, which was confirmed by the nonzero values of the normal to the plane
magnetization component from the magneto-optic Kerr effect polarimetry measurements.

I. INTRODUCTION MRD machine employing CiK« radiation, as well as by
scanning tunneling microcopd8TM) using a Digital Instru-
The recent scientific and technological advances in lowiments Nanoscope Illa. The STM images give a clear striped
dimensional systems have revealed an interesting face of thegructure shown in Fig. 1. It can be interpreted as a conse-
properties of matter. Magnetic thin films, in particular, havequence of the Si surface cut away within a few degrees of the
shown phenomenology which cannot be observed in bulkl1ll) plane, leading to the iron stripes growth. The stripes
materials. Certain growth conditions of the films and theirare estimated to be approximately 4000 A wide and 80 A
crystallographic axes orientation relative to the substratdigh, and are parallel to thHel10] direction, as indicated in
crystal axes, as well as the substrate morphological charathe figure. The XRD analysis confirmed that the wafer sur-
teristics, can lead to a surprising magnetic behavior, one diace was tilted by 0.5° from th€l11) plane. Ferromagnetic
the reasons being the complicated multicomponent magnetiesonance data obtained recently for the same samme
anisotropy present. The question remains open whether theeal a deviation from the sixfold symmetry due to the com-
concepts elaborated for single-domain particles can be appined effect of the induced uniaxial in-plane anisotropy and
plied to thim films or whether specific behavior is to be the small miscut of the substrate surface from thél)
expected. plane.
Uniaxial anisotropy have been observed in frohand
cobalt thin filmé~" grown on stepped substrates. The step-
induced magnetic anisotropy is believed to originate from
missing bonds at the step edges and strains within the’film.  The magnetization data were acquired using two distinct
Deposition of iron with certain angle of incidence of the methods, alternating gradient for¢AGM) magnetometry,
beam with the substrate creates shadows in the depositiethd magneto-optic Kerr effe¢MOKE) polarimetry, the lat-
and favors easy axis perpendicular to the b&dmRecently, ter allowing components of the magnetization along two
strong uniaxial anisotropy has been found in stripes cut fronaxes to be measurédThe magnetic fieldH is applied in the
Fe layers patterned by the “atomic saw” methGd? sample’s plane and, unless otherwise stated, the magnetiza-
The Si{11)) is favorable for growing epitaxial K&11)  tion is measured parallel to the field direction. The magneti-
thin films*~'> During the cutting process of the Si wafer, zation curves obtained by the two methods are practically the
small misorientation of the substrate’s surface relative to itssame, and all data presented here are from the MOKE mea-
(111) plane creates atomic steps on the substrate surfaceurements. Representative experimental hysteresis loops for
which is known to favor long-range iron stripes formatidn. several values of the angi, between the in-plane easy axis
The present paper reports on the magnetic properties of @and the field direction, are shown in Fig. 2. The curves
60-A Fe film grown on Sil11). change from almost rectangular for fields along fhé&0]
axis, to a curve with zero remanence for the perpendicular
direction, but with a certain hysteresis for field values of
about 10 Oe still existing. For highef, up to approximately
The sample was prepared by electron gun evaporation i85°, the hysteresis loops become inverted, as it is shown in
ultrahigh vacuum (10° Torr) at room temperature, at a the figure for¢p=95°. The two branches cross, resulting in
deposition rate less than 1 A/s. In order to prevent the oxinegative remanence and coercivity. MOKE measurements
dization of the film, it was covered by a 25-A-thick Cr layer. gave nonzero normal to the plane magnetization component
The structural characterization was performed via convenin the low-field range, which will be discussed latter.
tional x-ray diffraction(XRD) performed on a Philips X'Pert Inverted hysteresis loops, similar to the ones obtained

IIl. RESULTS AND DISCUSSION

Il. EXPERIMENT
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FIG. 2. Experimental in-plane hysteresis loops for several
angles(from 0° to 120°) between the field and the easy axis.

the two global minima, related to the uniaxial anisotropy,
show that the latter is superimposed upon the cubic one; the
uniaxial anisotropy direction coincides with one of the three
cubic anisotropy easy magnetization axes in(ttEl) plane.

Our interpretation of the magnetic behavior of the mate-
rial studied here is that it is du&) to competing anisotropy
effects and(ii) to the small misorientation of the Fe layer

0.0
0.8

1.2

with respect to the $111) plane. The phenomenological
model used to interpret the experimental data is presented as
follows.

Hm . . . L
Let us consider a film with a cubic intrinsic symmetry

FIG. 1. Tunneling microcopy images of Fe thin film grown on whose energy expression contains, apart from the cubic mag-
Si(111); surface scar(a), and three-dimensional imag®). The  netocrystalline anisotropy terms, one uniaxial anisotropy
arrows indicate th¢110] direction.

Lo
here, have been reported by Chen and Erskifoe,thin ep-
itaxial Fe films on stepped WO01), and have been attributed I
to a magneto-optical effect. Such loops have also been ob- X" 05|
served in some exchanged-coupled multilayé&sse, e.g., g (@)
Poulopoulos and Flevaflf§and the references thergirin I Y
order to check the influence of the Cr layer on the hysteresis 0.0 i N
of our sample, we performed magnetic measurements on a ' - ' : ' '

60-A Fe on Si111) sample without any protecting layer. g
Hysteresis loops with negative remanence were observed as
well, thus discarding the hypothesis of inverted hysteresis

i (b)
the sample in consideration here. = 0 [W\

)
due to exchanged coupling between the Cr and Fe layers in © 4

The experimental dependencies on the field direction of 0 \1 V
the reduced remanent magnetizatidn/Mg, and the coer- r . . . .
cive field H., are plotted in Fig. 3. The shape of the 00 o ' 0 180

M,/Mg(¢) curve shows that the uniaxial anisotropy pre- o (deg)
dominates over the cubic one. However, tHg($) curve

indicates clearly that the cubic anisotropy still exists. There FIG. 3. Reduced remanent magnetizatiay) and coercive field
are six equidistant minima, in accordance with the previousb) as a function of the angle between the in-plane field direction
ferromagnetic resonance measureménfhe positions of and the easy-axis orientation.
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term as well. Let the direction cosines of the magnetization
vector Mg be «q, a,, and as, referred to the cube axes.
Neglecting the thermal activation effects and considering
only coherent rotation of the magnetization, the total free-
energy density for fixed magnitude and direction &f, can

be written as

90° »

E=K,(a2a3+ a5a5+ asa?)
+Kyadaba3— K (Mg u/Mg)?
+2m(Mg n)2—MgH, (1)

whereK; andK, are the first two cubic anisotropy constants,
K, the uniaxial anisotropy constant, and the last two terms 2
refer to the demagnetization energy and Zeeman energ) .
terms, respectively. The unit vectoussand n represent the v
direction of the uniaxial anisotropy and the normal to the :
film surface direction. A
In zero applied field, for positiv&; (which is the case of
Fe), K,>— 2K, andK,=0, there are six minima d& along , , , , , , , , , ,
the (100 directions. AsK,, increases, these minima move 20 -10 0 10 20 20 -10 0 10 20
towards the uniaxial anisotropy direction. For magnetization -
rotation in the(111) plane, wherK,=0 andn is along the Magnetic Field (Oc)
[111] direction, it can be easily shown that the anisotropy is  FIG. 4. Experimental hysteresis loofspen symbolsand the
given byK, term only. The anisotropy is a sixfold one, with corresponding calculated lower branches of the loops for four field
easy axes along thél10 directions for positiveK,, and orientations.
along the three projections of the cube axes in thil)
plane for negative,. (Fig. 1. It was estimated that small variations Kf,/K;
Minimizing E for givenMg, K.,K,,K,, u,n,andH, the  value do not influence significantly on the shape of the mag-
equilibrium direction ofMg can be obtained. Varying the netization curves. Thus the number of free parameters used is
field value, the magnetization curves can be calculated; thactually reduced to only twd,/K; and the tilt direction.
two-variable minimization procedure used in the present Experimental hysteresis loops and the corresponding cal-
work is described elsewhet?. culated lower branches of the loops férbetween 90° and
The anisotropy in the€l11) plane is extremely sensitive to 115° are plotted in Fig. 4. It is seen that there is an excellent
misorientation of the substrate surface with respect to theoncordance between the model and experimental curves.
crystal plane: small tilt is sufficient to completely hide the More attention will be paid to the inverted loo & 95°)
sixfold anisotropy symmetry® This, however, does not re- and to the one forp=105°; the latter has positive remanence
sult in anomalous hysteresis loops if the magnetization i$ut shows rather unusual peaks fet|~10 Oe.
considered to rotate in the film’s plane only, as itis normally  The most important result from the very good fitting of
assumed in model studies. In some cases, negative remgre inverted hysteresis loop is that for low-field values, the
nence for rotation in a plane can be obtained if, e.g., there imagnetization vectodoes not liein the sample’s plane. It
asymmetry of the zero-field energy: for predominant uniaxialvas obtained from the model calculations that, due to the
anisotropy the point of the maximum energy must not besmall tilt from the (111) plane and due to the competing
equidistant from the two minim&, but this is not the case for anisotropy effects, the magnetization vector leaves appar-
the surface in consideration here. Note that in our model thently the sample’s plane fgH|<15 Oe, forming an angle
magnetization vectais not constrainedo lie in the plane of  of 94.7° with the field direction wheH =0, resulting in the
the film. This, as it will be shown below, is a deciding factor negative remanence. This was confirmed by the MOKE data
in order to obtain inverted hysteresis loops. which give the magnetization components paralil, and
For calculating the model hysteresis loops we used thgerpendiculaM , , for fields applied in the sample’s plane.
usual room temperatur€, and M values for FeK;=4.8  The normal to the plane componeM,, given by M,
><105 erg/crr? and MSZ 1708 emu/cn°’1 The best results :(Mg_Mﬁ_Mi)ﬂz is obtained to have nonzero values in
were obtained foK,/K;=0.035 andK,/K;=0.22, the lat-  the |ow-field range, in accordance with the calculation re-
ter being in good agreement with the value obtained bygyjts.
ChenZ® Our XRD data show that the sample’s surface is | the framework of the model, the anomalous peaks in
tilted by 0.5° with respect to thél1l) plane, so that in the the hysteresis loop fosy=105° (which means that, in the
calculations the normal was chosen to be almost parallel to cypic reference system, the polar and the azimuthal angles of
the[111] direction. This was done by taking its polar and thethe positive field direction are 147.7° and 62.0°, respec-
azimuthal angles to be 55° and 44.6°, respectively, thus asively) are explained as follows. For the highest field values,
suring a 0.5° tilt. The vectou is assumed to be along the \_is along the field direction. WheH is increased, starting
stripes’ direction, i.e., one of th€l10) orientations in the  from the maximum negative field value, up 4.2 Oe, the
(111 plane, thg 110] one, in accordance with the STM data magnetization rotates reversibly. In the remanent magnetiza-

Reduced Magnetization
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tion state,Mg is in the vicinity of the uniaxial anisotropy showed stripes along one of th&10) directions in the(111)
direction closer, to the negative field direction, and is agairPlane, which favors easy magnetization axis parallel to the
out of the film's plane, but now this does not result in in- Stripes. Inverted in-plane hysteresis loops, and loops showing

verted hysteresis. Fields slightly higher than 9.2 Oe lead tdocal peaks were observed. Excellent concordance was ob-
the irreversible jump indicated by the rapid increase of thd@ined between the experimental curves and the ones calcu-

e 1 e s oM e o 10,13 Pcrogs el e g e
[101] direction, which is one of the six easy magnetizationggfecis and the very small misorientation of the sample’s
directions in the(11D plane given by the cubic anisotropy. gy iface from the111) plane. The calculations showed that
This dlrt_actlon is rather close to the positive field dwec_:uon,the magnetization leaves the sample’s plane for small fields,
accounting for the hig/M; for this state. The magnetiza- torming obtuse angle with the field for some configurations,
tion stays in the vicinity of this direction for fields up to 11.4 , o resulting in negative remanence. This was confirmed by

Oe. Further increase o eliminates the corresponding €n- e nonzero values of the normal to the plane magnetization
ergy minimum and the magnetization jumps to the remaining.omnonent from the MOKE measurements.

minimum which is located between the positive field direc- |, summary, we have demonstrated that for the thin film
tion, and the uniaxial anisotropy one. This new position,gydied here the concepts elaborated for the coherent rotation
however, is considerably more distant from tHedirection ¢ single-domain particle magnetizations can be applied
than the previous one, thus resulting in the decrease in tgithout any modifications. Regarding the inverted hysteresis
magnetization curve. Further raisetéjust approximate¥ls  |5ops; since we obtained almost identical loops by using ei-
to H, and the magnetization curve follows its normal in- inar MOKE or AGM magnetometry, we can assert that the
crease. magnetic behavior of our sample is explained solely by
There is also a very good agreement between the shapggyper anisotropy energy considerations, and not by the

of the calculated and experimental magnetization curves fofnagneto-optical effect proposed by Chen and Erdkine
field directions close to the easy axis direction. However, thgneair Fe films on stepped WOY).
I

calculated coercive fields are larger than the experimenta

ones, which can be attributed to other magnetization reversal ACKNOWLEDGMENTS
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