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Symmetry-Induced Magnetic Anisotropy in Fe Films Grown on Stepped Ag(001)
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Symmetry breaking at atomic steps of ultrathin Fe films grown on stepped Ag(001) substrates creates
a uniaxial magnetic anisotropy with the easy axis parallel to the step edges. The relation between this
induced anisotropy and the step density is systematically investigated by magneto-optically scanning
films grown on a curved substrate with a vicinal angle range betweand 10. We find that (a) the
uniaxial anisotropy depends quadratically on the step density, and (b) the spin-reorientation transition
occurs at a larger thickness for the stepped than for the flat film. [S0031-9007(96)01218-5]

PACS numbers: 75.70.Ak, 75.30.Kz, 75.30.Pd, 75.50.Bb

Magnetocrystalline anisotropy is due to the spin-orbit~10°. Both crystals were polished under the same con-
interaction [1], thus it must obey the symmetry of theditions: mechanically down to &.25 wm diamond-paste
lattice. In a lattice with cubic symmetry, quadratic uni- finish, followed by chemical polishing [12]. The step
axial anisotropy can exist only at the surface, whereedges are parallel to the [110] of the Ag(001) surface
the translational symmetry is broken. For some sysso that the Fe(001) overlayer has step edges parallel to
tems [F¢Ag(100), for example], this surface anisotropy its [100]. The substrates are cleanidsitu by cycles
is even stronger than the bulk shape anisotropy and casf Ar* sputtering at 2—-5 keV and annealing at 3Q0
align the magnetization perpendicular to the film sur-All Fe films are grown epitaxially on the Ag substrate
face below a critical thickness [2—4]. Within the film at room temperature with the growth chamber pressure
surface it is known that no uniaxial anisotropy can ex-<5 X 1070 Torr. After growth, the films are annealed
ist if the surface normal is an-fold rotation axis with at 150°C for ~30 min. Our RHEED and LEED results
n > 2 [5]. In an effort to understand how symmetry agree with those reported in Ref. [11]. The RHEED in-
breaking induces the uniaxial magnetic anisotropy, a fewensity for the growth of Fe on vicinal Ag exhibits reg-
groups [6—9] have performed experiments on magneticlar oscillations after an initial transient period due to
thin films grown on stepped (100) substrates. Atomicthe tetragonal difference between the bcc and fcc struc-
steps on a (100) surface break the four-fold rotational symtures [6]. The magnetic properties of the films are mea-
metry of the film surface and therefore should induce asuredin situ by the surface magneto-optic Kerr effect
uniaxial anisotropy within the film plane. This type of (SMOKE) using a He-Ne laser (632.8 nm; beam diame-
step-induced uniaxial anisotropy has been observed iter =0.2 mm).

Ni/Fe and Fe fiims on Ag(31100) [6], Co films on To investigate the step-induced, in-plane magnetic
stepped Cu(100) [7,8], and Fe films on stepped W(100anisotropy, an Fe film of-25 ML was grown onto the

[9]. In these studies, the step density (determined byixed-angle substrate. At this thickness, the magnetiza-
the vicinal angle from the [100] direction) is fixed, so tion is fully in-plane. Figure 1 shows the longitudinal
the relation between induced anisotropy and step densit$MOKE hysteresis loops measured on the stepped surface
was not explored. In this Letter, we report a systematiavith the magnetic fieldH parallel and perpendicular to the
study of this induced anisotropy vs step density for thestep edges, respectively. The shapes of the loops show
Fe/Ag(001) system. FAg(001) has a perpendicular sur- that the atomic steps induce an in-plane, uniaxial magnetic
face anisotropy. The competition between the surface ananisotropy with easy axis parallel to the step edges [8,9].
shape anisotropies results in a spin-reorientation transition To explore the relation between this anisotropy and the
(SRT) at an Fe film thickness of6 ML (monolayers) step density, a 25 ML Fe film was grown onto the curved
[10,11]. We show that the SRT shifts to anl0% larger  substrate and investigated via SMOKE. As the laser beam
critical thickness due to the step-induced anisotropy conscans across the substrate to measure the hysteresis loop, its
tribution to the energy competition. reflection angle also simultaneously determines the vicinal

Our experiments were performed using two 10 mmangle within the laser spot. Figure 2 shows representative
diameter Ag(001) substrates. On tfized-anglesub- longitudinal SMOKE loops at four vicinal angles fot
strate, steps were introduced onto half of the surfacalong the hard axis. The split loops are characterized by
by polishing at~6° from the [001] orientation. On a shift field ;) which is proportional to the step-induced
the curved substrate, half was polished into a curvedanisotropy [8]. Figure 3 shows the relation betwdén
surface so that the angle between the surface normahd «. The error bars in the figure account for the fact
and the [001] direction varied continuously froni @  that the laser spot covers a finite range of step densities.
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respectively. The steps are on the (001) surface with
FIG. 1. Longitudinal hysteresis loops of a 25 ML Fe film edges parallel to the [100]. The average terrace length
grown on a stepped Ag(001) substraté ¥&inal angle). (aH  of the steps id.. The normal directionz axis) of the
applied parallel to the step edges, Hb)applied perpendicular stepped surface makes an angleto the [001] axis, so
to the step edges. thata =~ a/L is proportional to the step densitg {s the
layer spacing in the [001]). The last term in Eq. (1) is
The linear dependence df, on « in the log-log plot the anisotropy generated by the atomic steps in a [001]
[Fig. 3(b)] indicates a power-law relation. Fittind, ~ pcc ;urface [13]. The effect of strains hqs been ignored
a” yields an exponent = 1.97 + 0.07. Thus the step- in this model. It should be kept in mind, however,
induced uniaxial anisotropy depends quadratically on stefat the lattice distortion could sometimes generate an
density. appreciable amount of vqur_ne-_t_ype unia}xial anisotropy
To better understand the step-induced anisotropy wand also could make th&y significantly different from
considered a phenomenological model based on the Né&$ bulk value [14]. Therefore th&s and Ky in Eqg. (1)
pair-bonding mechanism. In Néel's model, the mag-should be.V|eweq as operat|ona!ly defined surfape and
netic anisotropy is determined by the spin-orbit interacvolume anisotropies and should in general be thickness
tion through the nearest-neighbor electronic hybridizationdependent. After a coordinate transformation from the
therefore, it should be accurate for localized electrons. 1§fystalén{ frame to the filmxyzframe withx andy axes
transition-metal magnets, the magneti¢ &ectrons are N the plane of the film and parallel and perpendicular to

not fully localized, so the magnetic anisotropy should bethe step edges, respectively, the energy density of Eq. (1)
transforms to ordex? into
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FIG. 2. Longitudinal hysteresis loops of a 25 ML Fe film FIG. 3. (a) The split fieldd, vs vicinal anglea. (b) Log-log
grown on a curved Ag(001) substrate. The vicinal angle plot of H; vs . The solid lines are the result of a power-law
ranging from O to 107, is proportional to the step densityH fitting of H; ~ a", yieldingn = 1.97 = 0.07. Thus the step-

is applied perpendicular to the step edges. The split figlis induced, uniaxial anisotropy depends quadratically on the step
proportional the step-induced, uniaxial anisotropy. density.
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We first consider the situation of thick films where the We now turn our attention to the thin-film
strong shape anisotropy forces the magnetization in theegime. For a flat surfaceda = 0), the quadratic
plane of the film(x, = 0). The energy density in this energy terms in Eg. (2) reduce to the familiar form
case is (—Ks/d + 2mM?)u?, which gives rise to a sharp
(Ksp/a — Ks)a® spin-reorientation transition between = 1 andu, = 0

E = wl + Ky(ulu?> + o’u}), (3) atdg =Ks/27M*> = 6ML. The formation of stripe
_ _ d - _ domains and the effect of the volume anisotropy usually
which has in-plane, uniaxial anisotropyK,,/a — make the transition less abrupt [16,17]. Under certain

Ks)a?/d. The quadratic dependence of this anisotropycircumstances, the volume anisotropy can even alter
on the step density is consistent with our experimentaihe nature of the SRT from a first-order switching to
observations. FoiK,,/a > Kg, the hard axis will be a continuous rotation [14]. For a stepped surface, it
along they axis, i.e., perpendicular to the step edgesis easy to show that the competition among the three
For H applied along the hard axis, it is easy to showquadratic terms in the anisotropy energy will result in a
[8] that the hysteresis loop will split into two loops continuous rotation of the magnetization toward the film
with an offset field of Hs = 2(K,,/a — Ks)a*/Md.  plane in they-z plane upon increasing film thickness.
A numerical estimate ofK,, can be obtained by fit- At a critical thicknessdk, the magnetization will switch
ting the data in Fig. 3(a) with this formula. Taking via a first-order transition. The components of the
the valuesd =25ML, a=1435A, M =171 X  magnetization and; are

103 G, and K5 = 1.6 erg/cn? [15], the fit yields

K, = 5.73 X 1078 erg/cm. |

1 2aM?*d — K5 — 2(K,p/a — Kg)a?
2 2\/(1(5,,/61 — 2Ks)a? + [27M2%d — Ks — 2(K,,/a — Ks)a2]?

K3, /a? (Kyp/a — Ks)a? (4)
87 M?(K;p/a — Ks) 27 M?

and dy =

For « = 6° (corresponding to our fixed-angle sub- face to~6.8 ML on the stepped surface. The discrepancy
strate), Eq. (4) givedy =~ 6.4 ML andu, = 0.5 (atd =  between the calculated 6.4 and the observed 6.8 ML val-
dg). Thus alarger SRT thickness or, equivalently, a higheues could be due to several possible reasons. Experimen-
SRT temperature [11] is expected for Fe films grown ortally, the error in the zero-thickness registration point in our
the fixed angle vs the flat substrate. To avoid any thickneswedged samples may cause a shift in the film thickness (es-
error in our experiment, the SRT as a function of tempertimated to be within~0.2 ML). Theoretically, thal; was
ature was first studied by growing a uniform 5.5 ML Fe calculated using the value &, = 5.73 X 1078 erg/cm,
film on the fixed-angle substrate. In this way, the flms onwhich was derived from a 25 ML Fe film. If we allow the
the flat and stepped surfaces of the substrate were grown Kt,, to vary as a function of film thickness [18], a value of
the same time, so that they should have exactly the sami,, = 6.7 X 10~% erg/cm will give the observed 6.8 ML
thickness. Figure 4 shows the polar SMOKE loops at thre&RT thickness. It is also interesting to note that the polar
temperatures. The polar remanence is always higher agignal in the SRT region on the stepped surface decreases
the stepped surface than on the flat surface at any givesiower than on the flat surface with increasing film thick-
temperature, confirming that the SRT on the stepped suness. This may reflect the continuous rotation of the mag-
face has the higher transition temperature. To make aetization in they-z plane on the stepped surface.
gquantitative study, the SRT as a function of film thick- The quadratic relation between the step-induced
ness was investigated by growing wedged Fe films (slopanisotropy and the step density originates from the
~1 ML /mm) on the fixed-angle substrate. The polar and~u,u; term in Eq. (1). In general, the steps in a (001)
longitudinal remanence on the flat and stepped surfacesurface of a cubic-symmetry lattice should induce both
were measured at 150 K and are plotted in Fig. 5. For the-u,u, and~u§ anisotropies. Thevué term will result
stepped surface, the longitudinal SMOKE loop was takerin a linear relation between the induced anisotropy and
along the in-plane easy axis. As expected, Fig. 5 showthe step density. For a bcc lattice, only theu,u,
that the SRT thickness has shifted frené on the flat sur- term exists. For an fcc lattice, the steps could induce
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anisotropy on the step density in our case is nearly purely
quadratic.

In conclusion, stepped FAg(100) possesses a step-
induced, in-plane, uniaxial anisotropy with easy axis par-
allel to the step edge. The strength of this anisotropy
varies quadratically with step density. This result is
explained by a Néel-type model. The steps stabilize
the perpendicular magnetization to a larger film thick-
ness and a higher temperature than is observed on
flat films. Based on our simple model, this behav-
ior is consistent with the observed in-plane, uniaxial
anisotropy.
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