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Magnetic phases of thin Fe films grown on stepped G001)
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Magnetic phases of Fe films grown on curved@d) with steps parallel t§100] are studied using the
surface magneto-optic Kerr effe(MOKE). We found that the atomic stej$) induce an in-plane uniaxial
magnetic anisotropy with the easy magnetization axis parallel to the step edgd®) @emherate magnetic
frustration either inside the Fe film or at the Fe-Cr interface, depending on the Fe film thickness and the vicinal
angle. For thickness greater than 35 A, the Fe film forms a single magnetic domain and undergoes an in-plane
magnetization switching due to the competition of the step-induced anisotropy and the Fe-Cr interfacial
frustration. For thickness less than 35 A, the Fe film forms multiple magnetic domains at low vicinal angle, and
transforms into a single domain at high vicinal angle. A magnetic phase diagram in the 30—-45 A thickness
range was obtained using a wedge-shaped Fe [ffi0163-182¢09)02918-5

[. INTRODUCTION mechanism by an experiment in which we observe a shift of
the 90° magnetization switching upon varying the step in-
Since its discovery in the Co/CoO systérthe exchange duced anisotropy. In the thin Fe film regime, we observe a
bias effect was believed to occur exclusively in systemgnultidomain structure as a result of the magnetic frustration.
where the antiferromagnéAF) surface is uncompensated This multidomain phase is favored for low vicinal angle
(the total surface moment is nonzgrddowever, a recent ©Only, and a transition into a single domain phase was ob-
experiment showed that exchange bias also exists indhre ~ served with increasing step density.
pensatedre/Fel(110) systerh (where the total AF surface

moment is zerp Using a total-energy calculation, a recent Il. EXPERIMENT
theoretical simulatiohwas able to show the existence of the
exchange bias in compensated ferromadRrgAF systems. A Cr(001) single crystal disk of 10 mm diameter was used

Moreover, this simulation predicts that the ground state of as the substrate. Half of the crystal was kept in (b@1)
ferromagnetic layer on a compensated AF surface shouldrientation while the other half was polished into a curved
have the F and AF magnetic moments aligned 90° to eachhape with the step edges parallel to {1®0] crystallo-
other. Several groups have reported the observation of thigraphic direction. The curved shape provides a continuous
90° coupling*~" and the physical mechanism behind this 90°range of the vicinal anglér) from 0° to 10°. Details of the
coupling was explored by an experiment performed on theubstrate preparation are presented elsewhargger elec-
Fe/stepped @001) system’ Cr is an AF with an incommen- tron spectroscopyAES) was used to check the cleanness of
surate spin-density wau&DW). In the 123-311 K tempera- the substrate. The AES results show that a few cycles of
ture range, the SDW is transverse with the spins aligned isputtering and annealing remove all contamination except for
the same direction within eact®01) plane but antialigned a small amount of nitrogen which comes from the bulk Cr. It
with respect to the neighborin@01) plane< The (001) sur-  has been reported that it is very difficult and almost impos-
face of Cr, then, is uncompensated. However, when asible to obtain an absolute nitrogen-free Cr surfdce the
atomic step is introduced on the surface, 10€1) plane literature, the low-energy electron diffractiQpEED) pattern
directly below the surface will be exposed. Since this planeéhas been used as a gauge for the Cr substrate cleanness. In
has spins pointing in the opposite direction as the topmostome cases, a Cr crystal with aX1) LEED pattern was
layer, the effect of the atomic step is to compensate the Afised as an indication of a clean substfatin other cases,
surface at the step site. The advantage of using steppdwwever, the (X 1) LEED pattern was attributed to the ef-
Cr(001) as the compensated AF surface is that the degree déct of the residual nitrogen at the surfdéeand a (2<2)
the magnetic frustration that occurs at the Fe/Cr inteffaceLEED pattern was identified as a signature of a cleaner Cr
can be made tunable by simply varying the step density osurfacet* Our Cr substrate was cleaned for 3—4 weeks with
the miscut vicinal angléa). The introduction of the atomic cycles of Ar ion sputtering and annealing. AX1) LEED
steps also causes a step-induced uniaxial anisotfQplgat  pattern was first observed after a week’s worth of sputtering
can be used to detect the 90° coupling. and annealing. Further cleaning of the substrate eventually
In this paper, we extend our previous wbro include resulted in a stable (22) LEED pattern. Thus we followed
different thickness regimes to construct a magnetic phasthe criteria of Ref. 14 to clean the Cr substrate. All Fe films
diagram for Fe films grown on stepped(@01). In Ref. 7,  were grown at 480 K to provide a comparison with previous
the in-plane 90° magnetization switching as a function of thewvork on this system, where a substrate temperature of 480 K
step density was attributed to the competition between thevas used during the Fe film growth to achieve a smooth film
Fe-Cr 90° coupling and the step-induced magnetic anisotsurface with minimal substrate-overlayer intermixifig.
ropy. In this paper, we further confirm this competition Hysteresis loops of the Fe films were obtained viritlsitu
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step-induced magnetic anisotropy decreases with Fe film
FIG. 1. (a) The splitting field Hs) of hard axis loops as a thickness €lr). In Fig. 1(b) we plot Hsdre Vs « for all Fe

function of vicinal anglda) at T=480K for several Fe film thick-  fiims studied. All curves in Fig. (B) roughly fall into a uni-
nessesdry). (b) Hsdre vs a. The universal curve indicates thdt  versal curve, indicating that the step-induced anisotropy fol-
follows a 1r. dependence. lows a 1#ir, dependence. The interfacial character of this

effect shows that the step-induced anisotropy is localized to
surface magneto-optic Kerr effe€BMOKE) measurements the step edges, and no significant strain effect contributes to
using a He-Ne laser as the light source. The polarization othe anisotropy.
the incident beam is within the incident plaepolarized. We then cooled the sample to 140 K to study the effect of
For all films studied, no polar loops were observed so thathe ~Fe-Cr _interaction. From magnetic remanence
the Fe magnetization remains in the film plane. Therefore almeasurementswe know that there are two thickness re-
hysteresis loops in this paper are from longitudinal measuredimes for Fe on Q001). For thickness above 35 A, the
ments. For measurements on the curved surface, the refle@agnetic frustration occurs at the Fe/Cr interface and the Fe

tion angle of the SMOKE laser beam was used to determind!M forr_ns a singl_e domain. For '_[hickness b_elow 35 A, the
the local vicinal angle. A slit was used on the path of theMagnetic frustration occurs within the Fe film and the Fe
: film forms multiple magnetic domains. We first discuss the

reflected beam to improve the vicinal angle resolution to_. ; .
better than 0.25°. _smgle—domam regime. For the purpose of cpmpleteness, we
include our previous results for the hysteresis loops of a 40 A
Fe film grown on stepped (@01) (Fig. 2). At high vicinal
lIl. RESULTS AND DISCUSSION angle, the Fe film forms a single domain with the magneti-
zationparallel to the step edges. At low vicinal angle, the Fe
The step-induced magnetic anisotropy of the Fe on curveglim also forms a single domain but with the magnetization
Cr(001) system has been studied by measuring the hysteresjferpendicularto the step edges. This 90° magnetization
loops at 480 K which is above the BletemperatureTy) of  switching as a function of the vicinal angtewas attributed
bulk Cr (Ty=311K)." It was found that the atomic steps to the competition between the Fe-Cr 90° coupling and the
induce an in-plane uniaxial magnetic anisotropy with thestep-induced magnetic anisotropyt low «, the Fe-Cr in-
easy magnetization axis parallel to the step edges. The spliferaction dominates the step-induced anisotropy so that the
ting field (Hg) of the hard axis loops, which is proportional Fe magnetization is perpendicular to the step edges. At high
to the strength of the step-induced magnetic anisotropy, wag, the step-induced anisotropy dominates the Fe-Cr interac-
found to increase with increasing In the present work, the tion so that the Fe magnetization is parallel to the step edges.
Hsvs a relation was studied for different Fe film thicknessesThe 90° magnetization switching then occurs at a critical
by growing an Fe wedge on the curved [Eig. 1(@]. Itis  vicinal angle where the 90° coupling compensates the step-
interesting to note that the splitting fieldls is roughly linear  induced anisotropy. To further confirm this competition
in a which is different from the Fe/stepped A1) [Ref. 9  mechanism, we purposely modified the strength of the step-
and Fe/stepped/(001) (Ref. 10 systems which show a qua- induced anisotropy and studied the corresponding change of
dratic dependence of thés on «. Detailed discussion on the the critical vicinal angle. It is known that adsorp-
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FIG. 3. SMOKE measurements at 480 K with applied magnetic ~ FIG. 4. SMOKE measurements at 180 K for the sample in Fig.
field perpendicular to the step edges for a 40 A Fe film withht 3. The 90° magnetization switching after the Au decoration shifts to
column and without(left column 0.12 ML Au decoration. The a lower vicinal angle due to the enhancement of the step induced
greater splitting field after the Au decoration indicates an enhanceanisotropy.
ment of the step-induced magnetic anisotropy.

interactions. For thicker Fe films, the Fe-Fe interaction domi-
tion of submonolayer amounts of metals on stepped magrates the Fe-Cr interaction so that magnetic domains are
netic films can change the strength of the step inducedormed at the Fe-Cr interface to result in a single domain Fe
anisotropy'® We deposited 0.12 ML Au on the 40 A Fe film film. For thinner Fe films, the Fe-Cr interaction dominates
at 480 K and measured the hard-axis hysteresis loops befotee Fe-Fe interaction so that magnetic domains will be
and after the Au depos|t|o(‘|:|g 3). The increased Sp||tt|ng formed inside the Fe film and result in low remaneft&n
field after the Au deposition clearly shows that the step inthe other hand, the Fe-Fe interaction energy scales as the Fe
duced anisotropy has been increased. Since the Fe-Cr intdflm thickness which is independent of the vicinal angle, but
action occurs at the interface, far away from the depositedhe Fe-Cr interaction energy scales as the step terrace length
Au, we anticipate that On|y the step_induced anisotropy haWthh is inversely proportional to the vicinal angle. Thus the
been modified by the 0.12 ML Au. Therefore, as a result of
the increased step-induced anisotropy, we expect a lower
critical vicinal angle at which the 90° magnetization switch-
ing should occur. After lowering the temperature to 180 K,
we found that the critical vicinal angle for the 90° magneti-
zation switching indeed shifts to a lower value than that
without the Au(Fig. 4). This result further confirms that the
90° magnetization switching is a result of the competition
between the Fe-Cr 90° coupling and the step-induced anisot-
ropy.

We then studied the thin film regime<35 A). At low
temperature these Fe films exhibit multiple magnetic do-
mains on a nominally flat @@01) substraté® Figure 5
shows the hysteresis loops at 140 K for a 30 A Fe film grown
on curved Cr. Different magnetic phases can be observed at
different vicinal angles. For<<~2.5°, the hysteresis loops -
exhibit splitting with low remanence for magnetic fields ap-
plied both parallel and perpendicular to the step edges. Since
the hysteresis loop is an averaged result within the SMOKE
laser spoi(~0.2 mm), the low remanence in both directions
indicate that the 30 A Fe film consists of multiple magnetic
domains in this vicinal angle range. This multidomain struc-
ture has been identified in thin Fe films grown on nominally
flat Cr(001) as a result of the presence of random atomic FIG. 5. SMOKE loops measured at 140 K for a 30 A Fe film.
steps. The appearance of multiple domains in the thin filnFor a<2.5°, a multidomain phase is observed. kor2.5°, the
regime can be understood in terms of the Fe-Fe and Fe-Gehavior is the similar to the 40 A film.
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50 L agrees with the results of the remanence experiments of Ref.
7. The behavior ofec; can be qualitatively understood in
light of the picture of step induced magnetic frustration pre-
sented by Berger and HopstérThe Fe-Cr interfacial frus-
tration energy per step is proportional to the terrace lehgth
(i.e., the distance between stgpsherea~1/L. The energy
per step for frustration within the Fe film is proportional to
dre. Therefore the multidomain structure should be favored
for low dg. and low . That is why the multidomain phase
appears at the lower-left corner of the phase diagram. We
now look at the behavior of-,. Figure 6 shows thatc,
changes only slightly as a function of the Fe film thickness.
Since thea, transition represents the critical vicinal angle
at which the frustration induced 90° Fe-Cr coupling equals
25 I R R RN R WU T the step-induced anisotropy, the weak dependeneg-9bn
0 2 4 6 8 10 dr. implies that the energy terms for the 90° coupling and the
o (deg.) step-induced anisotropy must have a similar thickness depen-
dence. From Fig. 1, we know that the step induced anisot-
FIG. 6. Phase diagram at 140 K for Fe films grown on curved Crropy follows a 1dr. dependence. Thus the 90° coupling
(00.1). ac; marks the transition from. mu.ltidom.ains into single do- should also have a-1/dg, dependence. This is expected
main, andac, marks the 90° magnetization switching from perpen- gince the 90° coupling comes from the Fe-Cr interfacial frus-
dlcglar_to pgrallt_el to the step e(_JIge_s. T_he arrows _|nd|cate the MaYation and an interfacial effect should scale as-1/ The
netization directions of the Fe film in different regimes. twisting of the Fe moments in the normal direction of the
film will modify the 1/dr, dependencewhich accounts for
appearance of multiple domains inside the Fe film should b¢he slight variation ofxc, upon increasing the Fe film thick-
less favored upon increasing the vicinal angle. This behavioness.
was indeed observed for higher vicinal angle in the 30 A Fe Finally, we would like to mention that for Fe films thinner
film. For 2.5°<a<5°, the split loop for magnetic field ap- than~20 A, no clear transitions similar tac; and ac, can
plied perpendicular to the step edges becomes a square lobp identified. For this reason we have not included dpg
with full remanence, indicating a transition of the Fe film <20A regime in the phase diagram. We speculate that in
from a multidomain structure into a single-domain structurethis thickness regime, the magnetic multidomains at ew
with the Fe magnetization perpendicular to the step edgegontinuously grow in size as increases. Confirmation of
For «=5°, we again observe the 90° magnetization switch-this speculation relies on the domain imaging study which is
ing from a direction perpendicular to one parallel to the stefbeyond the scope of the present work.
edges as in the 40 A Fe film. Therefore there are two transi-
tions for the 30 A Fe film upon increasing the vicinal angle
a: the one at lower marks the transition of the Fe film from IV. CONCLUSION

multiple domains into a single domain; the second one at e experiments presented in this work serve as a confir-
higher marks the 90° magnetization switching as in the 40ation for hoth the frustration picture presented by Berger
A Fe film. . and Hopste and the 90° coupling picture of Ref. 7. The
To obtain a better understanding of thénddg, depen-  resence of a multidomain phase at low vicinal angles for Fe
dence of the two transitions, we constructed a magnetig, thickness thinner than-35 A confirms the transfer of
phase diagram using a wedged Fe film which included botly,e \4gnetic frustration from the Fe-Cr interface at higher
30 and 40 A of Fe. For operational convenience, we defingniciness to the inside of the Fe film at lower thickness.
the transition vicinal angles from the remanence of the 100pgyhen the magnetic frustration is located at the Fe-Cr inter-
with the magnetic field applied perpendicular to the step,ce 4 900 magnetization switching occurs as a result of the
edges: the first transition angie;, corresponds to a change ,mpetition between the 90° coupling and the step-induced
of the remanence from zero to one, and the second trans't'%isotropy. By changing the strength of the step-induced an-
angle ac, corresponds to a change of the remanence frc’”i‘s,otropy, we were able to confirm this competition mecha-

one to zero. We then located the;; andac, for different g ‘\we also confirmed the 1/dg, dependence of the step-
Fe film thicknessesdg¢) to construct the phase diagram at j,quced anisotropy and implicitly for the 90° coupling.
140 K (Fig. 6). It should be noted that the transition between

different regions is not always sharp. Any discrepancies be- This work was funded in part by the Department of En-

tween the phase diagraffig. 6) and Figs. 2 and 5 are due to ergy under Contract No. DE-AC03-76SF00098, by the Na-
this fact. First we turn our attention to tlg., transition. For tional Science Foundation Grant No. DMR-9805222 and was
dee=30A, a¢, is located at-3°. Theac; decreases rapidly also supported in part by the University of California for the

with increasingdg, and goes to zero at-.=35A so that for  conducting of discretionary research by Los Alamos Na-
dee>~35A the multidomain phase does not exist. Thistional Laboratory.
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