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For an epitaxial, vicinal surface of a magnetic film, the twofold step-induced symmetry about the film
normal in the atomic coordination implies a corresponding twofold magnetic surface anisotropy. We show, that
for epitaxial Fe films grown on Au surfaces vicinal to t#@®1) plane, tilted about the in-plarj@00],, or the
[110],, axis, a strong correlation exists between the in-plane structural anisotropy in the height-height corre-
lation function and the magnetic surface anisotropy. This correlation is clearly evident although both anisotro-
pies are complicated functions of the vicinal angle, the tilt axis and the film thickness due to appearing
reconstructions.

DOI: 10.1103/PhysRevB.70.060408 PACS nuni®er75.30.Gw, 75.70.Rf, 68.55a

Understanding magnetic surface anisotropy is of pararotated out of the low-index orientation before polishing the
mount importance for device applications involving ultrathin surface, lies along either t§400],, or the[110]4, axis.
magnetic films: Although much progress has been made in  As substrates vicinal t001) MgO single crystals of di-
the theoretical description in the last decade in thismensions 16x 10x 0.5 mn? were used. The substrates were
respect; ® the surface topography in these films is often veryrinsed in isopropanol at ambient pressure before loading into
complex, characterized by surface reconstructions and g myiti-chamber molecular-beam epitaxy system with a base
change in roughness as a function of thickness, temperaturgyassure better than>s10-2L mbar. The films were depos-
etc., which complicates the analysis of the resulting magneuEed by a five-pocket electron beam evaporator with deposi-

anisotropy. It is expected that atomic steps on the sun‘acg;On rates between 0.006 and 0.1 nm/s as monitored by a

make a large contribution to the surface anisotropy. HOW'quartz microbalance. In order to remove the carbon contami-

ever, an often unavoidable distribution in the steps, both in'__.
their local density and orientation, inhibits an analytical hation from the MgO substrates and also to smoothen the

modeling in most cases. In this communication we show th urfacze4 for improved growth of the subsequent metallic
the step distribution, characterized by the height-height cor@/ers:" the substrates were treated by a low-energy atomic

relation function of the surface for different in-plane direc- ©XY9€n ion beam at room temperature prior to film deposi-
tions, may exhibit a characteristic dependence on the infion. Surfaces were judged clean if the Auger analysis with a
plane direction, and this structural anisotropy correlate§€nsitivity of better than 0.01 ML detected no remaining car-
remarkably strong with the magnetic surface anisotropy. Pon contamination. Auger spectroscopy was further used to
In a vicinal film, i.e., a film where the surface normal hasanalyze the chemical composition of the samples. The analy-
a slight, but well defined, anglé with a low-index crystal- ~sis of the surface topography and the sample structure was
lographic reference directioiso-called miscut angle or vici- performed in situ with low-energy electron diffraction
nal angle, steps can be well aligned. They can correspond¢LEED) and reflecting high-energy electron diffraction.
ingly make a significant contribution to magnetic surface To image the surface topography in real space, scanning
anisotropy. Although such systems have been studied to quitenneling microscopySTM) was carried out with a commer-
some extent;° a direct correlation of the various magnetic cial Park Scientific Instruments Autoprobe VP 2 UHV de-
anisotropy contributions to structural information is oftenvice. All topographic images were obtained at room tempera-
outside reach. ture in a constant-current mode with a tunneling current of
An interesting testing ground is Fe films vicinal ({@01), 0.3 nA using electrochemically etched W tips. The tip bias
for which the nonvicinal case is well studié¥#?® Growing  was 0.1 or 1 V in the case of Fe and 0.1 V for Au. Figure 1
these films on vicinal t¢001) Au substrates one finds a rich shows some results. In order to verify the vicinal angle of the
variety in the surface topography. We have determined theamples, x-ray diffraction using a four-circle diffractometer
magnetic surface anisotropy for such films with vicinal was performedex situ
angles varying from 0.5° to 7°. The vicinal tilt axis, i.e., the  First, a 150-nm-thick Au buffer layer was grown onto the
axis lying in the surface plane, about which the sample wa$1gO substrate using a deposition rate of 0.1 nm/s and a
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FIG. 1. STM images of the surface topography of vicinal@a) (2)—f) and of vicinal F€001) films (g)—i). The arrows indicate the
vicinal tilt axis. (@) Au surface without miscu¢5=0), the inset shows the corresponding LEED pattern with fourfold symmeéajyAu
surface with6=1° about the vicinal tilt axis alonpl10]a,; (¢) 6=1.5°,[110]a,; (d) 6=4°,[110],; (€) 5=2°,[100]a,; (f) 6=4", [100]4,. (9)
STM image of an Fe film showing island formation without mis¢8t0); (h) 6=2°,[100|e (i) 6=2°, [110]e

substrate temperature of 120°C. Fe films were subsequentgnd Xi). The orientation of the step edges of the single Fe
deposited at room temperature and at a rate of 0.006 nm/g&lands is randomly distributed.

They grow in the bcc phase on fcc Q01) with a 45° rota- In order to quantitatively analyze the surface topography
tion of the lattice about the film normal with a correspondingthe height-height correlation functiod (r)={[z(r)-2z(0)]?),
in-plane lattice mismatch of less than #%° A small  wherezr) is the surface height at positianof the surface,
amount of 0.2 ML Au was found floating on top of the Fe has been extracted using a procedure described in Ref. 30.
surface due to an interlayer mass exchange prdéeBs. For a self-affine and isotropic surfatr) can be expressed
grows quasi two-dimensional with Au acting as a self-gs

surfactant and intermixing of the two layers can be

neglected® The energy dependence of the LEED spot width H(r) = 2w1 - exp- (rl€)?®)], (1)
demonstrates an oscillating behavior, indicating that atomic

steps of the Fe film roughen the surface. This is in agreementhere « is the roughness exponent describing the texture of
with the STM image of Fe shown in Fig(d). Large islands the roughness¢ is the lateral correlation length defining a
with a mean island size of about 15 firand a height of typical lateral size of the roughness pattern, amds the
3-4(ML) are observed, in agreement with previousinterface width®' Note here that for large values @&f the
observationg? The topography of the Fe films is similar to value for « is usually low and vice versa. A typical experi-
homoepitaxial growth of Fe on F@01) whiskers?® Note, mental result together with a fit is demonstrated in Fig. 2. In
that large, atomically smooth terraces and the average oriethe case ofr <¢ Eq. (1) yields H(r) ~r2®, therefore the
tation of the step edges of the underlying Au buffers carroughness exponent can be easily obtained by fitting the
clearly be traced on the Fe surface, as is seen in Fig. 1 data forr <¢. Recently Zhacet al3? have shown that it is
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FIG. 2. Height-height correlation function extracted from the  FIG. 4. Anisotropy of the correlation lengf of the Fe surface
STM image of a Au film withd=1° about thd 001}, vicinal tilt and surface contribution of the magnetic uniaxial in-plane aniso-
axis. The correlation function was determined perpendicular to theropy k'® for the vicinal tilt axis along 100}, (right) and[110},
tilt axis (corresponding t@& , ;). The continuous line is a fit to the  (left) vs the vicinal angles of the MgO substrates. Positiyaega-
data(open circles). tive) values of the anisotropy indicate an easy axis pargtietpen-

dicular) to the tilt axis.

necessary to use all three roughness parameters to describe a
self-affine surface, which is the case especially for magneti€igs. 1(e)and 1(f)]. However, for the tilt axis parallel to
surfaces. [110],, a more interesting behavior is found: due to the
As the investigated surfaces are highly anisotropic, thainiaxial average orientation of the step edges the anisotropy
quantification of the structural surface properties has furtheref the correlation lengthZ, first increases and then de-
more, been extended by calculating the height-height correzreases crossing zero at an angle of about 1.3°+0.2°. This is
lation function both parallel and perpendicular to the tilt axis.caused by the change in topography, i.e., the change of the
Therefore two different lateral correlation lengths are usedaverage orientation of the step edges with the vicinal angle
&, and for the correlation length perpendicular and paral-as is clearly observed by STM and LEED in the images
lel to the tilt axis, respectively. Analogously we use the(b)—(c)in Fig. 1. In fact, fors=1° the average orientation of
roughness exponenta; and a;. From these parameters the step edges is perpendicular to the tilt g=ise Fig. 1(b)].
structural anisotropy parameters are derived. They are then the other hand, it is parallel to the tilt axis f6=1.5°
anisotropy of the lateral correlation lenglh and the aniso- [Figs. 1(c)and 1(d)].
tropy of the roughness exponedt The magnetic anisotropies of the vicinal Fe films were
derived from the frequencies of the spin waves determined
_&-§ and A = by means of Brillouin light scattering spectroscép3t and
B £ +§ - the evaluation of hysteresis loops obtained by magneto-
optical Kerr effect magnetomett.In both cases a focused
Figure 3 shows the results obtained on the Au buffer layerdaser beam was used as a probe. The Fe films were grown in
For an average orientation of the step edges, along thée shape of a wedge, having the advantage that a large range
[100],, tilt axis the values oF and.4 remain small over the of Fe thicknesse.7—8 nm)is available on a single sample
entire range of the vicinal angle. The correlation function isby scanning the laser beam along the wedge.
nearly isotropic due to the zigzag shape of the steese The total magnetic anisotropy energy density of a vicinal
(001)film can be expressed by
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I 1 whereK? i Koo and K" are the effective constants of
0.0 4 0.0 < sef? " p.e

(] i % | out-of-plane and in-plane uniaxial and in-plane fourfold an-

021 T \H -02 isotropy contributions with the attribute “effective” indicat-
04 104 ing that at this stage no separation in volume and interface
0.6 \/}\ 1-0.6 contribution has been mad#; and ¢ are the polar and the
08f + * 0.8 azimuthal angles of the magnetization, agtogether with

FIG. 3. Anisotropy of the lateral correlation lengkh and an-
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the sign ofK ff) determines the orientation of the uniaxial
in-plane easy axis with respect to tf@&10}, axis. Thus, for

¢=0 and K(Zeﬁ>0 the uniaxial easy axis coincides with

isotropy of the roughness exponesitof the Au surface as a func- [010ke which is one of the easy axes of the fourfold aniso-
tion of the vicinal angles of the MgO substrates. In order to ease tropy. Determination methods of the anisotropies can be
comparison withZ, negative values fod are shown.

found in Ref. 35 and references therein.
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A linear dependence of the data the curve can be fitted byhe surface contribution of the uniaxial in-plane anisotropy
the usual expressidn(rféﬁzK(2)+2k(2)/ d, whereK® and kéz) k® and the anisotropy of the correlation lenghshow the
describe the volume and surface contributions, respectivelgame behavior of their dependence on the vicinal angle. This
The negative values &’., correspond to an easy axis of result strongly indicates the surface nature of this effect.
magnetization perpendicular to the average step edge oriefihys the uniaxial surface anisotropy contribution is directly
tation (perpendicular to the tilt axjsaccording to Eq(3). related to the structural anisotropy parameZer

This is the case for the samples with a miscut ranging from 15 summarize we have shown that the magnetic surface
157 o 7°. anisotropy of epitaxial Fe films vicinal t@01) is strongly

Of ce_ntral_ interest herg is the surface contrl_butl_on of thecorrelated with the surface topography of the underlying
magnetic anisotropy. In Fig. 4 the surface contributigh of

. I : Au(00Y) buffer layers prepared on MdQ01) substrates. The
the magnetic uniaxial in-plane anisotropy, as well as the an;

) . : Au buffers show a large variety in the topography dependent
isotropy of the correlation lengtR, are shown as functions n the vicinal angle and the vicinal tilt axis, i.e., 0]

of the vicinal angle for tilts about tHeL0O], and thg110]g, onthe alangle ne vic axis, 1.e., AU
axes. For a tilt about thl10]x, axisk®? is negligibly small. and[llQ]A“ axes..The uniaxial magne_t|c surface anisotropy
This is due to the zigzag s;;pe ofpthe steps, which do n cales linearly with the structural anisotropy paraméfer

show any overall uniaxial step orientation. The analysis oft his result opens a new access to analyzing the influence of
. . . ) S . h rf t raphy on magnetic anisotropies in epitaxial
the anisotropy in height-height correlation function of the © suriace fopography on magnetic anisotropies in epitaxia

STM images corroborates this fact. For the vicinal tilt axis:thln films.

along thg 100].. direction the anisotropy parametgrof the Support by the Deutsche Forschungsgemeinschaft and the
correlation length demonstrates a change of its sign in a prdeuropean Science Foundation program NANOMAG is
found way at a vicinal angle of,=1.3°+0.2°(see Fig. 1. gratefully acknowledged.
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