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90± Magnetization Switching in Thin Fe Films Grown on Stepped Cr(001)
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The ferromagnetic/antiferromagnetic interfacial interaction was investigated in thin Fe films grown
stepped Cr(001) with the steps parallel to the [100] direction. Above the Néel temperature of the C
atomic steps induce a uniaxial magnetic anisotropy with the easy axis parallel to the step edges. B
the Néel temperature, the Fe-Cr interfacial interaction favors the Fe magnetization perpendicular
step edges. The competition between the Fe-Cr interaction and the step-induced magnetic anisotro
sults in an in-plane 90± magnetization switching from perpendicular to the step edges at low step-den
to parallel to the step edges at high step density. [S0031-9007(98)07012-4]

PACS numbers: 75.70.Ak, 75.30.Kz, 75.30.Pd, 75.50.Bb
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Investigations on the magnetic exchange bias have g
erated great interest in the study of the magnetic interact
between ferromagnetic (F) and antiferromagnetic (AF) th
films. There are two types of FyAF interfaces: uncom-
pensated and compensated, corresponding to the non
and zero net magnetic moments at the AF surface, resp
tively. After the original work of Meiklejohn and Bean
[1], research was focused for many years on the unco
pensated type which was believed to be responsible
the exchange bias. However, the recent discovery of
exchange bias in the FeyFeF2s110d system [2], where the
FeF2s110d surface is a compensated AF surface, prompt
a reevaluation of the physical picture of the FyAF inter-
action in compensated systems. The difficulty in unde
standing the FyAF compensated systems comes from t
fact that the competition between the intralayer magne
interaction and the FyAF interfacial interaction leads to
magnetic frustration, where not all the nearest-neighb
spins can be in their local minimum energy configuration
Therefore, the first important issue in compensated s
tems was the following:What is the ground state spin
configuration as a result of the magnetic frustration
In a recent theoretical simulation, Koon [3] showed th
the magnetic frustration in a compensated system co
result in 90± coupling between the F and AF magnet
moments at the interface although the FyAF interfacial
interaction itself has a collinear form. This prediction
supported by several recent experiments [4]. Howev
the physical origin of this 90± coupling, such as its rela-
tion to the frustration, remains obscure. One experimen
approach to address this issue is to control the magn
frustration using atomic steps on an uncompensated
surface. Evidence of this step-induced magnetic frust
tion was found in the FeyCrs001d system where the uncom
pensated Cr(001) surface [5] can be partially compensa
by the presence of random steps [6] in the transverse s
density wave (SDW) regimes120 , T , 311 Kd. The
magnetic behavior resulting from this kind of frustratio
is believed to depend critically on the terrace length of t
atomic steps [7]. Therefore, a study of the magnetic pha
with different degrees of step-induced frustration will pro
0031-9007y98y81(10)y2144(4)$15.00
en-
ion
in

zero
ec-

m-
for
the

ed

r-
he
tic

or
s.
ys-

?
at
uld
ic

is
er,

tal
etic
AF
ra-
-
ted
pin

n
he
ses
-

vide information on the origin of the 90± coupling in the
compensated FyAF systems. In this Letter, we report on
the study of Fe films grown on a stepped Cr(001) surfac
We found that the Fe-Cr interfacial frustration favors th
Fe magnetization perpendicular to the step edges. In co
peting with the step-induced magnetic anisotropy, whic
favors the magnetization parallel to the step edges, the
magnetization undergoes an in-plane 90± switching from
perpendicular to the step edges at low step density to p
allel to the step edges at high step density.

A Cr(001) single crystal disk of 2 mm thickness
and 10 mm diameter was mechanically polished wit
0.25 mm diamond paste finish. Half of the crystal was
kept in the (001) orientation while the other half wa
polished into a curved shape with step edges parallel
the [100] crystallographic direction. The curved shap
provided a continuous range of the vicinal anglesad from
0± to 10±. The substrate was cleaned with cycles of Ar io
sputtering and annealing in an ultrahigh vacuum chamb
with a base pressure of,5 3 10211 torr. Details on the
Cr substrate preparation and characterization are presen
elsewhere [8]. A substrate temperature of 480 K wa
used during the Fe film growth to achieve a smoot
film surface without the substrate-overlayer intermixin
[6]. Hysteresis loops were obtained byin situ surface
magneto-optic Kerr effect (SMOKE) measurements i
the longitudinal configuration with a He-Ne laser as th
light source. For all films studied, no polar loops wer
observed so that the Fe magnetization always remains
the film plane. For measurements on stepped surfaces,
reflection angle of the SMOKE laser beam was used
determine the local vicinal angle. A slit was used on th
path of the reflection beam to improve the vicinal angula
resolution to better than 0.25±.

We first investigated the Fe films grown on the fla
half sa ­ 0d of the Cr substrate. Wedged samples wer
used to provide a thickness range of5 50 Å. At T ­
480 K, which is well above the Néel temperature (TN ) of
Cr (311 K), the hysteresis loops of the Fe films exhib
a square shape with full remanence for all thicknesse
Below theTN , the remanence of the loops remains 100%
© 1998 The American Physical Society
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for thicker filmss.35 Åd, but is reduced for thinner films
(Fig. 1). This remanence reduction has been attributed
the competition between the Fe-Fe and Fe-Cr interactio
in the presence of random atomic steps on the Cr surfa
[6]. For thicker Fe films, the Fe-Fe interaction dominate
the Fe-Cr interaction so that magnetic domains will b
formed at the Fe-Cr interface to give a full remanence. Fo
thinner Fe films, the Fe-Cr interaction dominates the Fe-F
interaction so that magnetic domains will be formed insid
the Fe film to result in a low remanence [6,7]. Since we ar
interested in the effect of the FeyCr interfacial frustration,
we will focus our attention on the thicker Fe film regime
sd . 35 Åd. For this purpose, we studied a40 Å Fe film
on the curved side of the Cr(001).

It has been shown that atomic steps can induce an
plane uniaxial magnetic anisotropy [9–12]. To separa
the effect of the step-induced anisotropy from the Fe-C
interfacial frustration, we first measured the magneti
hysteresis loops on the curved substrate atT ­ 480 K,
well above theTN of Cr. The square hysteresis loops
for field parallel to the step edges and the split loops fo
field perpendicular to the step edges (Fig. 2) clearly sho
the existence of the step-induced uniaxial anisotropy wi
the easy magnetization axis parallel to the step edges. T
splitting field sHSd, which is proportional to the strength
of the uniaxial anisotropysKd, increases witha (Fig. 3),
in agreement with previous work [9,12]. A detailed study
of the a dependence of the step-induced anisotropy wi
be published in a subsequent work.

The sample temperature was then cooled to 140 K
turn on the Fe-Cr interaction. Figure 4 shows hysteres
loops at different vicinal angles for magnetic field paral
lel and perpendicular to the step edges. At high vicina
anglessa $ 4±d, the loops exhibit the same character a
the high temperature loops, indicating that the Fe magn
tization is still parallel to the step edges. At low vicinal
anglessa # 3±d, however, the loops clearly show a 90±

switching of the magnetization from a parallel to a perpen
dicular direction to the step edges. This result implies th
the FeyCr interfacial frustration favors the Fe magnetiza

FIG. 1. SMOKE measurements of remanence as a function
Fe film thickness for Fe wedges grown on flat Cr(001). Th
remanence has been normalized to the film thickness.
to
ns
ce
s
e
r
e

e
e

in-
te
r

c

r
w
th
he

ll

to
is
-
l

s
e-

-
at
-

of
e

tion perpendicular to the step edges. Then the interest
question is as follows: Why does this 90± switching not oc-
cur at high vicinal angles? A simple explanation is that th
Fe-Cr interfacial interaction and the step-induced magne
anisotropy scale differently with the step density: Th
Fe-Cr interaction scales as the terrace lengthsLd, and
the step-induced anisotropy scales as the step den
s1yLd. Therefore, the Fe-Cr interaction should dom
nate the step-induced anisotropy at low step density
align the Fe magnetization perpendicular to the step edg
and the step-induced anisotropy should dominate the Fe
interaction at high step density to align the Fe magnetiz
tion parallel to the step edges. The role of this comp
tition is further evidenced in the temperature dependen
of hysteresis loops for fixeda. Figure 5 displays several
loops fora ­ 2± and 5± at different temperatures for mag
netic fields parallel to the step edges. Ata ­ 5±, where
the step-induced anisotropy is strong enough to dom
nate the Fe-Cr interaction in the whole temperature ran
the full-remanence easy axis character remains down
140 K. At a ­ 2±, however, the easy axis character see
at high temperature evolves into a hard axis character as
Fe-Cr interaction strength increases by lowering the te
perature. The above results clearly demonstrate that
90± switching is due to the Fe-Cr interfacial interaction.

To better understand how the atomic steps result
the observed 90± switching, we consider a model which
consists of the intralayer Fe-Fe interaction,2J0

P
ij

$SFe,i ?
$SFe,j, and the interfacial Fe-Cr interaction,J1

P
ij

$SCr,i ?
$SFe,j in a stepped FeyCrs001d system (Fig. 6). HereJ0
andJ1 are the strengths of the Fe-Fe and Fe-Cr interactio
respectively. The alternating Cr moments in adjacent ste
produce a periodic Fe-Cr interaction. It has been sho
that the Cr moments are in the film plane in the FeyCrs001d

FIG. 2. SMOKE loops measured at 480 K for a40 Å Fe film
grown on acurvedCr(001) at different vicinal anglessad. The
splitting of the loops for field perpendicular to the step edges
due to the step-induced uniaxial magnetic anisotropy with t
easy axis parallel to the step edges.
2145
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FIG. 3. Splitting fieldsHSd in Fig. 2 as a function of vicinal
anglea. The solid line is a guide to the eyes.

system [6,13]. For in-plane spin, the spin direction ca
only be parallel or perpendicular to the step edges d
to symmetry considerations. Without knowing the sig
of the step-induced uniaxial magnetic anisotropy for th
Cr, we have assumed that the Cr moments are para
to the step edges, as the Fe was at high temperat
Verification of this assumption requires future experimen
using other techniques. Taking the Fourier component
this interaction,J1k sinskxd, with k ­ npyL, the Fourier
component of the Fe film energy per unit length is

Ek ­
1

2L

Z 2L

0

dx
a

Ω
2 J1k sinskxd sinusx, 0d

1 J0a
Z d

0
dzfs≠xud2 1 s≠zud2g

æ
.

(1)
Here d is the Fe film thickness,a is the lattice constant,
and usx, zd is the angular variation of the Fe moment
(we assume that the Fe moments vary only in the fil
plane and are independent of they coordinate). One
can immediately realize that Eq. (1) is similar to th
form used by Slonczewski in explaining the biquadrat
coupling [14] as long as the periodic interlayer couplin
in Slonczewski’s model is replaced by our periodic Fe-C
interfacial interaction. Then, Eq. (1) is expected to resu
in an Fe magnetization perpendicular to the step edges p
a small fluctuation inu. Indeed, using a step function for
the interfacial coupling,J1sxd ­ J1 sgnfsinspxyLdg, the
total energy per unit length can be minimized to give

uk ­ ū 2
J1k sinskxd cosū coshksd 2 zd

2J0ak sinhskdd
, (2)

E ­ 2
2J2

1

J0

L
a2

X̀
m­1

cothfs2m 2 1dpdyLdg
p3s2m 2 1d3 cos2 ū

ø 2
2J2

1 L cothspdyLd
J0p3a2 cos2 ū . (3)

Equation (3) favors the Fe magnetization perpendic
lar to the step edgessū ­ 0d. This energy has to com-
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FIG. 4. SMOKE loops measured at 140 K for the40 Å film
in Fig. 2. The magnetization easy axis fora # 3± switches to
the direction perpendicular to the step edges.

pete with the step-induced magnetic anisotropy ener
sKyLd cos2 ū, which favors the Fe magnetization paralle
to the step edges. Thus, a 90± switching of the Fe magne-
tization will occur at

K
L

­
2J2

1 L cothspdyLd
J0p3a2 . (4)

K can be estimated from the splitting field in
Fig. 3, KyL ø sdya2dmHS ­ sdya2dmH0

Sa, where
m ­ 2.2mB ­ 1.26 3 1025 meVyG is the magnetic
moment of the Fe andH0

S ­ 768 Oeyrad is the slope of
Fig. 3. Then Eq. (4) gives the following condition for the
90± switching:

a2
C ­

2J2
1 a

J0p3mH0
Sd

coth

µ
pdaC

a

∂
. (5)

FIG. 5. Temperature dependence of SMOKE loops fora ­
2± and a ­ 5± with magnetic field parallel to the step edge
for a 40 Å film. While the magnetization easy axis remain
parallel to the step edges for all temperatures fora ­ 5±, the
magnetization easy axis fora ­ 2± switches by 90± as the
temperature is lowered.
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FIG. 6. Schematic drawing of Fe films on stepped Cr(001
Arrows indicate the spin directions of Fe and Cr.

Taking the value ofJ0 ­ 11.9 meV [15], a ­ 1.435 Å,
d ­ 40 Å, and J1 ­ 0.31 meV [16], Eq. (5) yields the
critical angleaC , 2.5±, which roughly agrees with our
experiment.

It is constructive to consider the ultrathin limitsd ø Ld,
where there is no twisting of the Fe spins along the norm
direction of the film, to understand the physical meanin
of the 90± coupling. The twisting of Fe moments acros
an atomic step is equivalent to producing au domain
wall over a lengthL (Fig. 6). This will cost an energy
E1 ø J0u2dyL. On the other hand, the twisting will lower
the Fe-Cr interaction energy byE2 ø J1uLya. Thus,
the total energy change per unit length by twisting the F
moments is E ­ sE1 1 E2dyL ­ J0u2dyL2 2 J1uya.
Minimizing this energy yieldsu ø J1L2ys2J0add and
E ø 2J2

1 L2ys4J0a2dd, corresponding exactly to the ultra-
thin limit of Eqs. (2) and (3). Therefore, the 90± coupling
between the Fe and Cr originates from the angular twisti
of the Fe moments. This phenomenon is also intrinsica
related to the spin-flop transition in an antiferromagne
By applying a strong enough magnetic field along the ea
axis, the antiferromagnet moments switch by,90± to be
perpendicular to the magnetic field plus a small twistin
to form a canted configuration. From the point of view o
mean field theory, the Fe-Cr interactionJ1

P
ij

$SCr,i ? $SFe,j
in the FeyCr system is equivalent to applying a “magneti
field” J1k $SFel to the Cr moments at the interface, exce
that in this case the Cr moments are fixed and the magn
field J1k $SFel can rotate in space. Then, the spin-flo
equivalent transition in the FeyCr system is to rotate the
magnetic fieldJ1k $SFel to the perpendicular direction of
the Cr moments. Therefore, it is not surprising to obta
the 90± coupling between Fe and Cr.

In the above discussions, we have ignored any spin
rection change in the Cr. The Cr spins should also twist p
riodically by the same mechanism as the Fe spins. Koo
calculation clearly shows this configuration [3]. Anothe
point we have not addressed is the domain wall formati
inside the Cr. This situation becomes important especia
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when the FyAF interaction is much stronger than the AF
intralayer interaction. In such a case, the spins of the F an
AF at the interface will be locked together, and a paralle
domain wall inside the AF will be formed in response to the
rotation of the F magnetization [17]. In fact, it is thought
that it is the unwinding of this domain wall that gives ex-
change biasing in the compensated FyAF system [3]. In
the FeyCrs001d case, this situation does not occur becaus
the Fe-Cr interaction is much weaker than the Cr-Cr in
teraction. That is probably why exchange biasing was n
clearly observed in this system [6]. Another possibility for
this 90± switching is that the step-induced anisotropy fo
the lower step density changes its sign upon cooling. How
ever, this is unlikely because the step-induced anisotrop
in other systems does not exhibit such a temperatu
dependence.

In summary, Fe on stepped Cr(001) was investigated
the vicinal angle range of 0±–10±. Below the Néel tem-
perature of the Cr, we found that the Fe-Cr interfacial in
teraction favors the Fe magnetization perpendicular to th
step edges. Its competition with the step-induced ma
netic anisotropy causes the Fe magnetization to undergo
90± switching from perpendicular to the step edges at low
step density to parallel to the step edges at high step de
sity. This phenomenon can be explained based on a mod
similar to the one used by Slonczewski for biquadrati
coupling.
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