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Anisotropic transport behavior in ultrathin epitaxial Fe films
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Step-induced anisotropy of electron transport in ultrathin Fe film was investigated. The F&films
and 10 nm were deposited on vicinal Mg@L0O0 substrate using molecular-beam epitaxy. It is
found that the films with a thickness of 10 and 2 nm are continuous and discontinuous, respectively,
which was determined from their resistivity values, the temperature dependency of the resistivity
and theV—l curve. The enhanced magnetoresistance in the continuous and the discontinuous films
was observed when the current flows parallel and perpendicular to the miscut direction, respectively.
We suggest that the atomic steps in the continuous films nucleate additional domain walls acting as
scattering centers and the extra scattering was introduced for the current perpendicular to the step
edges. The mechanism of the influence of the atomic steps on the electron-transport properties is
different in the continuous and discontinuous films. We further suggest that in the discontinuous
films, the atomic steps result in the anisotropic growth of the islands and the anisotropy in the
transport behavior as a consequence2@®5 American Institute of Physics
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I. INTRODUCTION mask. One of the arms of the cross structure was aligned

along the miscut direction and the other perpendicular to it.

Vicinal low-index surfaces provide interesting substrate . o
for film growth because of the existence of regular arrays osfThe miscut angle of the MgO substrate was 2.86+0.01

. . along the(001) direction which was determined using high-
atomic steps. The effect of atomic steps on the electron- . . X
esolution x-ray diffractometer. The base pressure in the

fcrans_port, maglnetlc, and optical prope_rtles of superconducg rowth chamber was lower thanx&10-2 Torr. The MgO
ing films, semiconductor, and metal flms has been exten= AN
. . . S -~ .substrates were anneal@d situ in an oxygen and oxygen
sively investigated. A step edge pinning was observed in Bi- . ) -
. ; . plasma environment prior to depositioé 25-nm MgO cap
2201 superconducting films.This phenomenon could be . . .
" Lo layer was deposited on top of the Fe film to prevent oxida-
employed to enhance the critical magnetic field of supercon:. . .
Lo . . .. tion. The substrate temperature during Fe deposition was
ducting films. A large anisotropy in the electron conductivity R o . .
; 200 °C and the deposition rate was 0.1 Alfssitu reflection
has been found on the GaAs substrat&everal theoretical high-enerqy electron diffractiofRHEED) was employed to
works were carried out on the top‘ﬁé.ln this paper, we study 9 9y ploy

the influence of the surface miscut from a low-index plane Ofmonltor the growth of the films. The transport and magne-

the MgO (100 substrate on the electron-transport properties{f)tranSpor_t properties of the Fe cross structures Were inves-
. S . . . : igated using the four-probe method. The magnetoresistance
of ultrathin epitaxial continuous and discontinuous Fe films.

The role of the surface miscut on the transport properties ogMR) 1S d.ef'.”e.d aiR(H) R(O.)]/R(O).’ whereR(H) :_:md R(0)
. : : . . . is the resistivity with and without field. A switching system
the continuous and discontinuous films was investigated. The .
.was used to perform almost simultaneous measurement of

rationale for thg stud_y s to create'the array of t_he atqm'(ihe resistances of two arms of the cross structure, along and
steps preferentially aligned perpendicular to the miscut direc-

. . . bDerpendicular to the miscut direction, thus ensuring that mea-
tion. Although the presence of atomic steps on a miscut sub- . .
surements were directly comparable. An external magnetic

strate is clearly expected we do not directly demonstrate theﬁeld was applied in the film plane and parallel to the applied

presence in the study. The body of the experimental resu“éurrent
presented can be readily explained by the presence of the '

atomic steps directed, as expected, perpendicular to the mis-
cut direction. Ill. RESULTS AND DISCUSSION

RHEED patterns were used to monitor the quality of the

II. EXPERIMENT vicinal substrates and the epitaxial growth of the Fe struc-
_ _ ) ture. Figure 1a) is the RHEED pattern of a cleaned vicinal

The 2- and 10-nm-thick Fe films, with cross structures,\jgo (100) substrate. The diffraction pattern displays the

were grown on single-crystal vicinal MgQ.00 substrates yertical lattice rods and sharp horizontal Kikuchi lines. Fig-
with a size of 10<10 mn? by molecular-beam epitaxy yre 1b) shows a plane MgQ100) substrate deliberately

(MBE). The cross structure was fabricated using a shadowjted at ~3° with respect to the electron beam, which also

shows horizontal Kikuchi lines, though not as sharp. From

dElectronic mail: xuesongj@tcd.ie this it was determined that the number of inelastically scat-
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FIG. 3. The temperature dependence of the resistivity alppgand per-
pendicular to the expected step edges) for the 2-nm-thick Fe film. The
inset shows that the resistivity of film obeys the formulgojre T2,

metallic behavior with its resistivity decreasing with decreas-
ing temperature. The, andp, dependencies for the 10-nm
| ‘ film are identical within the range of experimental errors. A
©h 3 semiconductor behavior, i.e., resistivity of the film increasing
with decreasing temperature, was observed for the 2-nm-
FIG. 1. The RHEED patterns a@) vicinal MgO (100 substrate with a  thick film. This, along with much greater values of resistivity
miscut angle of 3°(b) a nonmiscut MgO(100 substrate which is tilt for the 2-nm film, reveals its discontinuous nature. In the

mounted at about 3° with respect to the electron beam(@nafter growth . . . s
of 10-nm-thick Fe film on vicinal substrate. All the RHEED patterns are inset of Fig. 3, it is shown that the resistivity obeys the

measured alongl10 azimuth. The electron energy is 20 KeV. formula In(p) =T~ that is considered typical for granular
metal/insulator systems having a narrow size distribution of

tered electrons was greater for the vicinal substrate, as rﬁlqetalllc gra”“'egf- The_ V- curve for the 2—nm-th|ck film
result of the surface roughness arising from the atomic stepS"'0WS clear nonlinearity which is consistent with the tunnel-
thus giving rise to the sharp Kikuchi pattern observed. Figurd"d Petween Fe granulégot shown in this paperThe tem-
1(c) shows the RHEED pattern for the 10-nm Fe film grown Pérature dependences of MR for 10- and 2-nm-thick films at
on the vicinal substrate. Epitaxial growth of the Fe film 2-T field when the current is parallel and perpendicular to the

was observed. The epitaxial growth relationship betwee/fXPected step edgesIR, and MR, ) are shown in Figs.@
Fe and MgO is known as Fe01)//MgO(00) and and 4b), respectively. An anisotropy of MR was observed in
Fe(110)//MgO(100).” Therefore, each arm of the Fe cross the films. The sign of MR is different for the two films: it is

structure was along the BeL0) direction thus removing any positive for the 10-nm film and negative for the 2-nm film.
crystal anisotropic effects For the 10-nm Fe film, the value of Mks smaller than

The resistivity as a function of temperature for the 10_that of MR, in the entire range Qf measured temperatures. At
and 2-nm-thick films and the current parallel and perpen-a temperature of 150 K there is greater than 40% enhance-

dicular to the expected step eddgsandp ) are shown in ment of MR, compared to MR We explain the enhance-

Figs. 2 and 3, respectively. The 10-nm-thick film shows ament in the value of MR compared to MiRas follows. The

step edges on the surface, being defects in the epitaxial sys-
tem Fe/Mg@100), act as nucleation sites for the additional

6.6x10° - domain walls in the Fe film. Therefore, a greater number of
domain walls are aligned along the step edges rather than
— eaxto® perpendicula_r to.them. As a result, electrons moving along
E o andp the_ miscut direction unde_rgo a greater _nurr_1ber of spin scat-
<3 + U tering events at the domain walls, resulting in a greater mag-
2 6.2x10°F netoresistance.

% In the case of the 2-nm film, a significant anisotropy in
B 6.0x10° | py and p, was observed. We suggest that the difference is
o due to the discontinuous structure of the film rather than a
5.8x10° | result of additional scattering at step edges. In the discon-

- - - tinuous film, the dominant conduction mechanism is the

20 40 60 80 100 120 140 160

electron hopping between the islands. The thermal activation
Temperature (K)

energy values obtained by fitting tiReT curve are 32.9 and
FIG. 2. The resistivity of the 10-nm-thick Fe film as a function of 28.1 meV when the current is along and perpendicular to the
temperature. expected step edge, respectively. The anisotropy in thermal
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is different for different crystallographic directions on the
0.4 O\Q/MRO surface during the film growth. Since the crystallographic
g o3l / : directions are identical for both arms in the measurements of
g pyandp, the anisotropic island shape should not result from
& o012} . the anisotropy in the surface diffusion constant of the ada-
2 MR toms. We conclude that the existence of the atomic step
g 011} o structure results in the anisotropic growth of the islands. We
@ have clearly demonstrated the influence of step edges on the
2 o010r island shape in the model system of Fe islands grown on
2 009l vicinal Mo (110) substraté®**
100 150 200 250 300 IV. CONCLUSION
(a) Temperature (K) Anisotropic transport behavior in ultrathin epitaxial Fe
film induced by miscut from a low-index plane was investi-
2r /c') gated. The films with thicknesses of 10 and 2 nm are con-
. 3r -/ tinuous and discontinuous, respectively, which is determined
& “r MR, /o from the temperature dependency of the resistivity of the
g 2 : films, the comparison of their resistivity values and 44
2 b curve. An enhanced magnetoresistance in the continuous and
g sl u O MR the discontinuous films was observed when the current is
g ol directed parallel and perpendicular to the miscut direction,
S 1ol respectively. Although we did not demonstrate the presence
< kb of the atomic terraces on the substrate, their presence is
w2l g clearly gxpected with the step ed.ges preferentiglly aligned
P perpendicular to the miscut direction. Our experimental re-
70 80 90 100 110 120 130 140 150 160 sults can readily be explained with the model implying the
(b) Temperature (K) existence of the step edges. The mechanism by which the

_ atomic steps influence the electron-transport properties is dif-
FIG. 4. The temperature dependence of the magnetoresistance(bleng ferent in the continuous and discontinuous films. The atomic
and perpendicular to the expected step edR ) of the (a) 10- and(b) :

2-nm-thick Fe films. MR is measured in the field of 2 T. steps in the continuous films nucleate additional domain
walls acting as spin scattering centers when the current flows

activation energy implies the existence of an anisotropic tunperpendlcular to the step edges. In the discontinuous films,

. i ) i ) L the atomic steps result in the anisotropic growth of the is-

neling barrier thickness or height along different directions. . ) .
: — lands and the anisotropy in the transport behavior as a con-

The barrier height is usually taken as half the band gap of the

. o2 e . . Sequence.
barrier material, i.e., MgO, in this study. Chainlike scattering
potential localized at the steps could create the anisotropy iR ck NOWLEDGMENT
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