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Magnetic uniaxial anisotropy of Fe films grown on vicinal AQ(001)
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Step-induced magnetic anisotropy was investigated in Fe films grown on a vicif@Bgubstrate using
the surface magneto-optic Kerr effect technique. We found that the step-induced magnetic anisotropy is inde-
pendent of the Fe film thickness up to 61 ML. Step decoration with Ag or Pd atoms also shows no effect on the
step-induced magnetic anisotropy. These results indicate that the step-induced magnetic anisotropy in this
system does not localize at the step edges. We suggest that strain inside the Fe film due to the large lattice
mismatch between fcc Ag and bcc Fe in the normal direction of the film is the dominant contribution to the
step-induced magnetic anisotropy in this system.
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[. INTRODUCTION While there has been much activity in applying step-
induced magnetic anisotropy to study other important mag-
Understanding the nature of magnetic anisotfapycru-  netic phenomena such as the spin reorientation transtitn,
cial to the development of low-dimensional magnetic strucmagnetic interfacial ~ frustratiol, ~and  magnetic
tures. Magnetic anisotropy is characterized by its strengt§Wwitching!**® the origin of step-induced magnetic anisot-
and functional form. Determining the strength of the mag-fopy remains obscure at the microscopic leVel. One of
netic anisotropy requires detailed knowledge of the bandhe puzzles is the unusual thickness dependence of the step-
structure of the materiafsand it remains as a challenge to induced magnetic anisotropy. If the step-induced anisotropy
date for theorists to calculate the strength of the magneti#ere localized at the step edges, @ ttiickness dependence
anisotropy from first principles. The functional form of the of the magnetic anisotropy would be expected, whkisethe
magnetic anisotropy, however, depends only on the lattic&lm thickness. To the best of our knowledge, none of the
symmetry. Magnetic thin films offer good experimental sys-studied systems shows a simpled ehavior. In fact, the
tems for studying magnetic anisotropy because translationdhickness dependence is either rather weak even oscil-
symmetry is naturally broken in the surface normal directionlating as a function of film thicknessObviously, a detailed
After great progress in the study of magnetic surface anisotstudy of step-induced magnetic anisotropy is needed in order
ropy, recent research has been extended to the study of it better understand its microscopic origin. In this paper, we
plane uniaxial magnetic anisotropy. Based on a symmetryeport a detailed study of step-induced magnetic anisotropy
argument, it is easy to show that the in-plane uniaxial magin the Fe/Ag001) system. We found that the step-induced
netic anisotropy cannot exist if the surface normal is armagnetic anisotropy is independent of the Fe film thickness
n-fold rotation axis withn>2 (e.g., triangle and square Up to 61 ML. In addition, we found little effect of step deco-
lattices.> ration with Pd or Ag atoms on to the step edges of the Fe
In an effort to understand the role of lattice symmetryfilms. These results show that the step-induced anisotropy in
breaking in magnetic anisotropy, experiments have been pefbe normal direction of the film in this system is strongly
formed on magnetic thin films grown on viciné01) sur-  nonlocal.
faces. The atomic steps on the surface break the fourfold
_rotatlonal symmetry and thus mduc_e a_unlaX|aI magnetic an- Il EXPERIMENT
isotropy within the film plane. This kind of step-induced
magnetic anisotropy was first observed indirectly by ferro- A 10-mm-diameter AQD0OD) single-crystal disk was pol-
magnetic resonantand domain imaging,and then directly ished mechanically into a curved shape so that the vicinal
by magnetic hysteresis loop measuremérté/ith the avail-  angle changes continuously across the substrate from 0 to
ability of curved substrates, it is now possible to systemati-—20°. The step edges are parallel to {i40] direction of
cally explore the relationship between step-induced magnetithe Ag001) surface so that the F&01) overlayer has step
anisotropy and step densfty.It is now clear that(1) step- edges parallel to it§110] direction. The substrate was pol-
induced universal magnetic anisotropy exists in many sysished mechanically down to a 0.26n diamond-paste finish,
tems, suggesting that this is a universal propd@tythe easy and then chemical polishifgwas performed to remove the
magnetization axis can be either parallel or perpendicular tscratches left from the mechanical polishing. The substrate
the step edges, showing that corrugation-induced shape awas further cleaneih situ by cycles of Af" sputtering at-2
isotropy is not the dominant mechanisii3) changing the keV and annealing at-600 °C. After this treatment, a clean
step density significantly changes the strength of the magand well-defined A¢01) surface is formed as indicated by
netic anisotropy; and4) a simple model based on Bés  low-energy electron diffraction(LEED). Fe films were
pair-bonding modéf can correctly describe the dependencegrown epitaxially on the Ag substrate at room temperature
of the magnetic anisotropy on the step density. with the growth chamber pressure below 40~ 1° Torr. The

0163-1829/2002/68.8)/1844196)/$20.00 65184419-1 ©2002 The American Physical Society



Y. Z. WU, C. WON, AND Z. Q. QIU PHYSICAL REVIEW B65 184419

— —_ N
[+2] (S8 [=)} [
T T T T

~
T

Vicinal angle o, ;. (degree)

4 8 12 16 20
Vicinal angle o (degree)

reflection

(==
[l

FIG. 2. Relationship between the vicinal angle obtained from
Ag double LEED spots and the vicinal angle obtained from a laser
beam reflection measurement. The solid line is a linear fit to the
data with a slope of 1.02.

obtained by the reflection angle of the SMOKE laser beam.
By linearly translating the curved substrate under the illumi-
FIG. 1. LEED patterns from(a) flat Ag(001, (b) stepped nating spot of the LEED and SMOKE laser beam, we deter-
Ag(001) with ~11° vicinal angle,(c) 25 ML Fe grown on flat  mined the vicinal angle using both methods. Figure 2 shows
Ag(00D), and(d) 25 ML Fe grown on stepped AQ0D) with ~11°  the relationship between the vicinal angles determined by the
vicinal angle. The electron energy 137 eV in(a) and (b) and  gyoyple LEED spots and by laser beam reflection. A linear
~94 eV in(c) and(d). relation can be clearly seen. In fact, a linear fit to the data
yields a slope of 1.02, proving quantitatively that the double
LEED spots are from periodic atomic steps of the vicinal
surface. Since only fixed angle vicinal surfaces were studied

. ) previously, Fig. 2 provides systematic experimental data
situ by the surface magneto-optic Kerr effd@MOKE) us- qing that the double LEED spot splitting is proportional
ing a He-Ne lase(632.8 nm, beam diameter0.2 mm. As {1 iha vicinal angle.

the SMOKE laser beam scans across the sample to Measure g res 1c) and ¥d) show the LEED patterns of 25 ML

hysteresis loops, its reflection angle simultaneously detetrq orq\n on flat and vicinal surfaces. After the growth of the
mines the local vicinal angles a_t dlff(_arent positions of theFe film, the single-crystal structure remains, but the LEED
substrate. Therefore, the relationship between the stepggiq are no longer as sharp as those from the Ag substrate.
induced magnetic anisotropy and the step density is obtainegye qouple LEED spots from the vicinal surface evolve into

systematically from a single curved substrate. Due to theelongated streaks and persist up to 61 ML of(fe thickest
finite beam size, the reflected beam corresponds to a range Qf studiedl. The elongated LEED streaks show that the
vicinal z_angles. To improve the "’.‘”9“'6“ resolution, a slit WaSatomic steps after the Fe film growth retain their direction,
placed in the path of the refleoct|on beam to narrow the ViCiy, ;t the step density exhibits much greater fluctuations than
nal angle range down to 0.25°. To make systematic thicknesgeg the step density of the Ag substrate. Nevertheless, the
dependent study, Fe wedged sampl@8—61 ML were oo of the LEED spot elongation increases with the vici-
grown with the slope along the step edges of the VICInaLaI surface in the same way as the separation between the
surface. In_this_ way, the film thickness and the vicinal angleyq vie LEED spots from the Ag substrate, showing that the
can be varied independently. average step density of the Fe film follows that of the Ag
substrate.

deposition rate was-0.5—1.0 A/min and was monitored by a
quartz thickness balance.
The magnetic properties of the Fe films were measured

Ill. RESULTS

A. LEED results B. Thickness-dependent study

The LEED patterns of the Ag substrate show very sharp SMOKE measurements were taken on a curved substrate.
diffraction spots from both the flgFig. 1(a)] and the curved The Fe magnetization is in the plane of the film in the thick-
[Fig. 1(b)] surfaces. In particular, the well-resolved double ness range studietl0—-61 ML), so that only longitudinal
LEED spots can be clearly observed on curved substrate f@MOKE loops are shown in this paper. Figur&)3shows
vicinal angles greater than 4°, indicating the formation ofseveral hysteresis loops at different Fe film thicknesses at a
periodic atomic steps on the vicinal surface. The separatiomicinal angle of 10.5°. The magnetic field was applied per-
between the double LEED spots from the vicinal surfacependicularly to the step edges with the misalignment less
increases with the vicinal angle. The ratio of the doublethan 3°. As in our previous resuftshe hysteresis loops in
LEED spot splitting to the primary LEED spot separation Fig. 3(a) show that the atomic steps induce an in-plane
allows us to calculate the local vicinal angle on the curveduniaxial magnetic anisotropy with the easy magnetization
substrate. As mentioned earlier, the vicinal angle can also baxis parallel to the step edges.
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Magnetic field H (Oe) (b) ent Fe film thicknesses.
(@) domain magnetization, but in reality magnetic domains

) ] ] always appear in the region of the magnetization switching.
FIG. 3. (@) Hard-axis hysteresis loops of Fe films grown on a Neyertheless, the middle point of the side loop, referred to as
curved Ad001) substrate at a vicinal angle of 10.5°. The shift field the shift field Hg), is usually taken as a measure of the
Hs (dashed ling measures the strength of the step-induced mag iiferromagnetic coupling strength. We then follow this
netic anisotropy(b) The shift fieldHg vs the Fe film thickness. convention in this paper to take the shift fidtt as a mea-
sure of the step-induced magnetic uniaxial anisotropy.
Despite some detailed differences in the shape of side
loops which depend on the domain propagation during mag-
netization switching, Fig. &) shows that the step-induced
E=K,cof ¢—MH cos¢— K cof ¢ sir? ¢. (1) magnetic a_nisotropy depends very little on the F_e film thick-
ness. Detailed measurements along the Fe wfige 3(b)]
HereK, is the uniaxial magnetic anisotropy] is the mag- indeed confirm that the step-induced magnetic anisotropy is
netization of the film, andp is the angle between tHd and  independent of the Fe film thickness in the thickness range
g studied. To make sure that this statement is also true at other
vicinal angles, we performed SMOKE measurements as a
function of the vicinal angld«) at different Fe thicknesses
(Fig. 4). First, we observed that thidg increases witha,
consistent with our earlier resuftsSecond, all data collapse
E=JM;M, cog ¢;— ¢,) — M H cosp, — M,H cosg, onto a single curve, showing that the step-induced magnetic
anisotropy is independent of the Fe film thickness at all vici-
—K1MZcog ¢, sir? ¢, —K,M3co€ ¢, sir ¢y, (2)  nal angles. We note that the shift field for 14 ML Fe is

wherelJ is the antiferromagnetic coupling strength across theSllghtly smaller than the others for>13°. This is probably

spacer layer, an#;, M;, and¢; (i=1,2) are the magnetic due to nonuniformity of the substrate,

anisotropy, the magnetization, and the angle between th% The above experiment suggests that the step-induced an-
magnetization and the magnetic field of thia magnetic ISotropy is not localized at the step edges; otherwiseda.1/

layer. For two identical ferromagnetic layersvi{=M. dependence would have been expected. To further clarify this

o ~ issue, we performed step decoration experiments.
=M,K;=K,=K), the magnetization vectors &, andM,

For a(001) stepped ferromagnetic film with in-plane mag-
netization, the magnetic energy for a magnetic fieldap-
plied along the hard axis is

For an antiferromagnetically coupl€d0l) sandwich with
in-plane magnetization, the magnetic energy within a mag
netic fieldH applied along the€100 direction is

should be symmetric relative to the direction of the mag- C. Step decoration with Pd and Ag
netic field, i.e.,¢p;= — ¢,= ¢. Under this condition, Eq.2) o .
becomes Step decoration is a powerful method to single out the

effect of step edges. By growing a small fraction of foreign
E=2JM?cos ¢—2MH cos¢p— 2K cos ¢ sirf ¢p—2IM?. atoms on the ferromagnetic surface, it was shown that the
() step-induced magnetic anisotropy can be greatly influenced
if the foreign atoms migrate to the step edges. This effect has
Equationg1) and(3) are identical except for a factor of 2 been used as a proof of the local nature of the step-induced
and a constant. That is why the hard-axis hysteresis loop of magnetic anisotropy in the Co/@01) system’°® We per-
stepped magnetic thin film has the same shape as that of dormed the same experiment in the Fe(B@l) system with
antiferromagnetically coupled sandwich. It was shown thatAg and Pd as the foreign atoms. To obtain an equal amount
Eq. (3) has an analytical solution for the hysteresis f§op of atoms per atomic step at all vicinal angles and to promote
that produces most of the characteristic properties observetie movement of deposited atoms to move to the step edges,
in experiment, especially the properties of zero remanencere used the side growth method whereby the evaporator
and two side loops under appropriate conditions. The saturdaced to the side of the curved substrgteg. 5a)].
tion field calculated from Eq(3), however, is not propor- Two atomic rows of Ag were grown on a 15-ML Fe sur-
tional to J. The reason is that Eq3) is based on single- face, and SMOKE measurements were made before and after
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the step decoration. As shown in Figbhh we observed no IV. DISCUSSION

effect of the Ag decoration on the step-induced magnetic - . . . .
) : . : The origin of the step-induced magnetic anisotropy is not
anisotropy over the entire vicinal angle range. Growing 10

ML Ag at normal incidence on top of the Fe film also had noWeII t_mderstood at pr_esenf[. The po_pular explgnatlon_of the
tep-induced magnetic anisotropy is based orlNepair-

effef:t on the step-induced mggnenc anlsotropy. T.hls resuEonding modéf in which the magnetic anisotropy is gener-
again suggests that the step-induced magnetic anisotropy |

the Fe/AG001) system is not localized at the step edges. ar{ed by the spin-orbit interaction through the nearest-

To make sure that the above results were not associatenda'ghbor electronic  hybridization. - The absence — or

only with Ag, Pd step decoration was also performed on amodlflcatmn of the nearest neighbors for atoms at the step

30-ML Fe film. It is well known that a ferromagnetic layer edges will generate magnetic anisotropy in thin films grown

can induce a magnetic moment in Pd at the Pd/ferromagnetl%n vicinal surface. A phenomenological anisotropy function

. . - . _ . 2 .
interface. Because of the strong spin-orbit interaction in pdcan be derived using feés pair-bonding modef; which can

the induced moment also has effect to enhance the magneﬁgccess_,fully_explaln ther dependence of the s_tep-l_n_duged
anisotropy. As for the stepped film, it was shown that Fe Or{nagnetlc anlso'Fropy. However, Fhere are two simplifications
stepped P@01) has a much stronger step-induced magnetidn th|§ model. F|r§t,_ﬂ electrons in transition metals are r)ot
anisotropy than Fe on stepped (@91). Moreover, the Pd Ipcahzed,. so that it is questlonaple how good the approxima-
also has a strong effect on the dependence of the step- tion of using only the nearest neighbors is. Second, the strain
induced magnetic anisotropy and the Curie temperature dft the interior of the film is neglected in the model, so that
the Fe film?! Thus a significant change of the stepped in-€ven if the nearest-neighbor approximation is valid, the lo-
duced magnetic anisotropy would be expected for Pd stepalized nature of the model should result in d dépendence
decoration on the Fe/AG01) system if the anisotropy were Of the step-induced magnetic anisotropy, contradicting ex-
localized at the step edges. As shown in Figg) 5the addi-  perimental observations.

tion of two atomic rows of Pd on the 30 ML Fe/stepped The present experiment shows that the step-induced mag-
Ag(001) has no effect on the step-induced magnetic anisotnetic anisotropy in the Fe/stepped (@91 system is almost
ropy. To be sure that all the step edges were decorated witihdependent of the Fe film thickness. This is a strong indica-
the Pd atoms, 1 ML Pd was grown on top of the 30 ML Fe attion that the step-induced magnetic anisotropy is non local,
normal incidence, and we found that the step-induced mag-e., the symmetry breaking in this system should occur not
netic anisotropy remains unchanged. To further distinguistonly at the step edges, but also in the interior of the Fe film.
the steps at the Fe/vacuum interface from the steps at the fact, such an effect has been observed in magnetic surface
Fel/Ag interface, we performed the same Pd step decoraticanisotropy, where lattice distortion breaks the cubic symme-
experiment on the Ag substrate prior to the growth of atry throughout the ferromagnetic filfi. For stepped thin
27-ML Fe film. Again, we observed no effect of the Pd onfilms, the deviation from the i/ dependence in the step-
the step-induced magnetic anisotropy even with a seed layénduced magnetic anisotropy suggests that lattice distortion
of up to 3 ML Pd between the Fe and Algig. 5(d)]. The Ag  due to the atomic steps also occurs throughout the ferromag-
and Pd step decoration experiments show that the stemetic film. Lattice distortion is usually caused by lattice mis-
induced magnetic anisotropy in the Fe/steppedd@d) sys- match between the substrate and overlayer film and will per-
tem is not localized at the step edges. sist until dislocations relax the strain. The thickness
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independence of the step-induced magnetic anisotropy in theesult is probably due to the use of a different substrate or the
Fel/stepped A@O1) system indicates that the step-inducedeffect of segregation of Ga or As. Nevertheless, the observed
magnetic anisotropy in the system is dominated by the latticd/d dependence in their system may suggest that the strain in
distortions of the Fe film. The lattice constants of fcc Ag, andtheir system is well relaxed by dislocations. Another interest-
bce Fe are 4.08 and 2.87 A, respectively. Thus bd®®B  ing comparison is Fe/stepped(Q@®1) in which the strain is
fits very well to fcc A001) (0.8% misfi) by aligning the Fe  presumably much smaller than in Fe/stepped08d) be-
[100] to Ag [110]. That is why bcc Fe can grow epitaxially cause of the ideal lattice match between bcc Fe and bee Cr.
on Ag(001). However, there is &2 difference in the lattice Escorcia-Aparicicet al. performed a step decoration experi-
constant in the film normal direction between bcd@4)  ment by growing a row of Au atoms on the stepped Fe sur-
and fcc Ag001). Such a large lattice mismatch is usually face and observed an obvious change of the step-induced
ignored in considering Fe film growth on flat A1), but  magnetic anisotrop§? This result suggests that once the
obviously cannot be ignored for Fe films grown on steppedstrain is absent or very small, the step-induced magnetic an-
Ag(001). The lattice distortion at the step edges should in-isotropy is localized to the step edges.
duce a significant strain in the ferromagnetic Fe film induc- The last issue in the Fe/stepped(B@l) system concerns
ing magnetic anisotropy. If the strain extends into the interiorthe nature of the strain inside the Fe film. If the strain is
of the ferromagnetic film, a deviation from thedldepen- dominated by the lattice mismatch in the direction normal to
dence in the step-induced magnetic anisotropy predicted bthe film, the strain inside the Fe film must increase with the
Neel's pair-banding model will then be expected. Our resultstep density. Then if the strain is the dominant contribution
from the Fe stepped AQ01) system suggest that the lattice to the step-induced magnetic anisotropy, the step-induced
distortion is probably the dominant contribution to the step-magnetic anisotropy should increase with the step density in
induced magnetic anisotropy in this system. the Fe/stepped AG01) system, consistent with the

In addition to the spin-orbit interaction, dipolar interaction a-dependence experimental result. On the other hand, the
is an another source of the magnetic anisotropy. For a flahickness independence of the step-induced magnetic anisot-
film, dipolar interaction generatessM? shape anisotropy ropy suggests that the strain per unit volume at a given vici-
which favors the magnetization in the plane of the film. Fornal angle should be a constant for Fe film in the 10-61 ML
a stepped film, Bruno pointed dthat magnetic poles dis- range. At present, we do not have a microscopic theory of the
tributed along the step edges could generate a magnettep-induced magnetic anisotrogynder this picturg be-
shape anisotropy that favors an easy axis parallel to the stefause such a theory would require the knowledge of the step-
edges. More recently, Arias and Mills obtained a parameterinduced strains. It will be a very interesting future experi-
free analytical form of roughness-induced magneticment to investigate the growth of Fe on stepped0®d) to
anisotropy’> Because of the dipolar origin, the anisotropy understand the strain inside the Fe film.
has a rather weak thickness dependence. Weifal. per-
formed an experiment on Fe/_MgOI)l) with off-a_X|s growth V. SUMMARY
and found that roughness with a preferred direction indeed
induces uniaxial magnetic anisotropy with the magnitude in In summary, we have shown that the step-induced mag-
agreement with the theory. However, in order to generate aetic anisotropy in the Fe/stepped (@81 system does not
comparable magnetic anisotropy the amount of film rough-depend on the Fe film thickness in the 10—-61 ML thickness
ness is much greater than that of the epitaxially growrrange. Step decorations with Ag and Pd atoms also have no
stepped thin film&® In addition, some stepped films show effect on the step-induced magnetic anisotropy. All these re-
the easy magnetization axis perpendicular to the stepults show that the step-induced magnetic anisotropy in the
edge$*®in contrast to the roughness-induced magnetic anFe/stepped A@01) system is not localized at the step edges.
isotropy. Therefore it is unlikely that the film roughness isWe propose that the strain caused by the large lattice mis-
the dominant contribution to the step-induced magnetic anmatch in the direction normal to the film is the dominant
isotropy. contribution to the step-induced magnetic anisotropy in this

It should be mentioned that our result is different from thesystem.
result obtained from a similar system of Fe/Ag/G&#®) in
which a Ag seed layer was grown on steppedﬂqﬁm;) ACKNOWLEDGMENTS
with a vicinal angle of 2°. In this system, Leebal~’ found
that the easy magnetization axis is perpendicular to the step This work was funded by National Science Foundation
edges and that the step-induced magnetic anisotropy is ininder Contract No. DMR-0110034 and by the U.S. Depart-
versely proportional to the Fe film thickness. This differentment of Energy under Contract No. DE-AC03-76SF00098.
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