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Model of Fe nanostripes on Cu (111)
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Magnetization as a function of temperature calculated with Monte Carlo techniques is compared to
experimental results of Fe stripes grown on vicinal(Zd) surfaces. The stripes are step
decorations grown with molecular beam epita®BE), are 1-2 monolayers thick, and display
perpendicular magnetization. The atomic parameters are determined from fully relativistic
electronic structure calculations. The moments are found to bews5ith some variation due to

film thickness, and uniaxial anisotropy of 4@GRy/atom for Fe atoms facing vacuum. The
Heisenberg model extended to include crystalline anisotropy as well as dipole—dipole interactions is
considered for two different values of the exchange constka20 and 2 meV. Under a large
applied field(4000 G, the calculated saturation magnetization falls slowly from 507 enmincith

an increase in temperature until it falls rapidly around 600 K, after which a more modest falloff with
an increase in temperature is observed. For laiglee rapid change occurs for higher temperatures.
The importance of disorder in the height and width of the stripes is investigated by generating stripe
geometries with a model that incorporates nucleation and growth of Fe particles at step edges under
the constraint of constant deposition from MBE. The primary effect of disorder in the stripes is to
reduce the saturated magnetization at lower temperature002 American Institute of Physics.
[DOI: 10.1063/1.1452252

Recently, magnetic measurements have been performed The magnetic measurements performed by ithesitu
on monolayer-high Fe stripes grown on a vicinal(Cil)  magneto-optical Kerr effedtMOKE) indicate that the easy
surfacet? The nearest step—step distance on thélCl) sur- magnetization axis is along the surface normal. The satura-
face is~10 nm. Parallel, aligned Fe stripes were formed viation magnetization along this axis is shown versus the tem-
step decoration of Fe atoms on the upper terrace of the stegerature in Fig. 2. The remanent magnetization of the stripes
edges. The height and width of the Fe stripes vary depending substantially smaller than the saturation magnetization,
on the nominal thickness. At a nominal thickness of 0.8and has a distinct time-dependent behavior in the absence of
monolayer(ML), the Fe stripes are 1-2 atomic layers inan external field. At temperatures higher than 160 K, the
height and~5 nm in width. Due to the nature of step deco- magnetization decays to zero in lessrtHas after switching
ration, the Fe stripes have a certain edge roughness that d%f the external field.

estimated to be about 2 nm. A scanning tunneling micros-  Here we present numerical estimates of the properties of

copy (STM) image of the stripes is shown in Fig. 1. Fe nanostripes using a combination of first-principles calcu-
lations and a Heisenberg model. The iron nanostripes are

dElectronic mail: browngrg@csit.fsu.edu modeled as a set of rectangular cells. Each uniformly mag-
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isotropy. The calculations show this anisotropy to be signifi-
cant only for atoms facing the vacuum, with strength of 5.4
X 10 # eV/atom. Thus the anisotropy constant for fie
model spinK;, is taken to be proportional to the number of
surface atoms in the cell. The value of the exchange constant
J has not yet been determined through first-principles calcu-
lations.

The nanostripes fabricated, seen in the left-hand panel of
Fig. 1, display variations in widtliperpendicular to the step
FIG. 1. Left: STM image of a 120 nm120 nm section of Fe nanos_tripes edge that have the potentia' to Signiﬁcant'y impact the mag-
constructed on step edges on vicinal Cil). Right: 21 nmx 21 nm sections netic properties. In order to construct individual model
of model nanostripes constructed via Eg). The black regions are the . Lo .
substrate, the dark gray regions stripes that are 1 ML thick, and the whitStTIP€S that are spatially qlsordered, we use a model of nU(Fle'
regions stripes that are 2 ML thick. ation and growth of new islands of Fe under the assumption

of constant deposition. Consider a step edge oriented along

) ) ) o the § axis. Nucleation is assumed to occur along the edge
netized cell has a three-dimensional total magnetization veGgith a ratel events per unit time per unit length, and only
tor § whose magnitude is fixed. The energy of the system igyhere no island already exists. The material deposited on the
given by a two-dimensional classical Heisenberg Hamil-step is assumed to accumulate at the nearest island. Assum-
tonian, ing the rectangular island is fixed at its left edgeherex

1 =0), it is defined byy,, y,, andx, the position of the top,
_ Ry aa apa ; ;
H=2> K[1—(5K)?]- 2 Ji i85 EZ §D§, (1) the bottom, and the right edges, respectively. The growth of
' () b the surface area, of an island is
xten incl r lin nisotrépgan ipole—
e te dgd to nc ude crystalline anisotrdpand d pole— dx dy, dys) dx(dy, dyy
dipole interactions. The exchange due to magnetization in = —— = ——(y, —y, )+ x| —— — 2|+ — [ —— —2|, (2)
adjoining cells isJ; ;, while the contribution from the crys- dt  dt dt dt de\de dt

talline anisotropy of the surface atoms in each ceilisThe  yith the constraint that edges in contact with other islands do

. _ A 3 . . . . . .
matrix D= —mm;(3f; jf; ;—1)/rj, is the dipole—dipole in-  not grow. Assuming the unconstrained edges grow at the
teraction energy betwesith andjth cells, withm; andm;  same rate, the growth for a short time interval is found by

the total magnetization of those cells. solving
Fully relativistic first-principles calculations provide the )
following parameters for Fe on Cl11). The magnetic mo- N(AX)“+AX[NX+ (Y —Yp) ] - AA=0, (©)]

ment for a Fe atom in a monolayer film is found to be 2.57,here edges movax during the intervaln is the number of
#g, while in a two-monolayer film the magnetic moment is nconstrained edges perpendicular to the step Adhis the
2.56 ug and 2.46ug for atoms in the top and bottom layers, change in interfacial area during the interval.

respectively. To simplify the model, we always use the value  The model system for the Fe stripes at step edges on
for atoms in the monolayer which corresponds to a magneyicinal Cu111) is 42 nmx 42 nm with a separation between
tization density of 2.384 10 2(_) erg/G. For Fe only a few gen edges of 3 nm. Matching the experimental system, 0.8
monolayers thick, the magnetization is directed perpendicUg;; of iron is assumed to cover one half of the copper sur-
lar to the substrate as a consequence of strong uniaxial afsce Two types of model systems are considet@those
with well-ordered stripes discretized into 1.5 wrh.5 nm
cells of uniform thickness and2) those with disordered

600

— J=2meV,Ordered  —- J=20meV,Ordered stripes generated via EQR) with cells randomly chosen to
----- J=2meV,Disordered — - J=20meV,Disordered| . .
500 L~xpsee __OJ=2meV.Disordered o Experiment | be 1 or 2 ML thick. For both cases each cell is represented by

one spin. The exchange constdnt between cells is based

on the exchangd between atoms and the contact area be-
tween the cells. Each calculation started with uniformly ori-
ented spins perpendicular to the substrate and involved 5000
relaxation Monte Carlo steps per sgiMCSS followed by
approximately 1® MCSS used to sample the magnetization.

o
(=]
o

M, (emu/cms)
W
8

200 The Metropolis acceptance criterfomas used, and each
proposed step consisted of rotating a spin within a solid
100 1 angle adjusted to keep the acceptance tatear 0.42.
The resulting saturation magnetization with an external
% 200 400 600 800 1000 field of 4000 Oe applied perpendicular to the substrate is

T(K) shown versus the temperature for 2 meV, the solid curve,
F1G. 2. Caleulated saturati iva dicular to the subst tand J=20meV, the dashed curve, in Fig. 2. Far
- & Laedlated saluration magnetization perpendicular fo The SUbSTale, 5 ey - the crossover from large to small saturation mag-
M,, at an externally applied field of 4000 Oe. All calculations neglected L . i
dipole—dipole interactions except the one shown(byThe experimental ~Netization occurs at approximately 600 K, while fdr
data were normalized to 507 emuftas T— 0 K. =20 meV the crossover temperature exceeds 1000 K. Com-
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parison to the experimentally observed crossover temperahange coupling between the segments of a stripe. One ex-
ture of about 250 K supports the fact that exchange withirample would be between adjoining segments, each grown on
the Fe stripes is more than an order of magnitude smalleone of the two degenerate sublattices of threefold hollow
than in bulk Fe. However, the model still overestimates thesites on the C(111) surface. This changes the interatomic
crossover temperature. Disorder in the stripes may be radistance and reduces the number of neighboring atoms
sponsible for the lower crossover temperature. across this mismatch.

The crossover temperature associated with disordered The small remanence seen in the Fe stripes on time
samples is indeed lower. For the system with an edgescales of seconds is consistent with the small activation vol-
decoration nucleation rate=1.5 nm ! ns'! and deposition umes associated with these stripes. First, shape anisotropy is
rate of 0.5 ML/ns, shown in Fig. 2, the crossover temperatur@ot a stabilizing influence because the magnetization is per-
for J=2 meV is 400 K. Different realizations of disorder for pendicular to the long axis of the stripes. In addition, since
this | lie within 5% of the curve shown. However, changing reversal via spatially inhomogeneous magnetization configu-
| changes the crossover temperature more significantly, an@tions is possible for lengths above a few exchange lefigths,
details of the disorder in the stripes may be important inthe activation volume for the stripes is on the order of 5
determining the crossover temperature in the saturation mag< 10° atoms. The activation energy corresponds to creating
netization curve. As a check that dipole—dipole interactiongwo Bloch walls, and using the parameters calculated here it
are not important, one calculation with these included, anaorresponds to aboutkgT at room temperature.
the system treated as a supercell repeated infinitely ixthe

andy directions, is shown by the circles in Fig. 2. Here it can This work was supported by the Laboratqry Direc'ted
be seen that dipole—dipole interactions do not significantlyR€S€arch and Development Program of Oak Ridge National
affect the results. Laboratory and DOE-OS through OASCR-MICS under Con-

The exchange constadtbetween two nearest neighbor tract No. DE-AC05-000R22725 with UT-Battelle LLC, as

Fe atoms adsorbed onto the (€i) surface has also been Well as DOE-OS through BES-DMSE under Contract No.
estimated by an atomistic Monte Carlo calculafibusing ~ W-7405-82 with lowa State University.

Eqg. (1). Using the crystalline anisotropy found by the first-

principles C_a|Cl_,I|at|0nS and ignoring dipole—dipole effects, 1J. Shen, R. Skomski, M. Klaua, H. Jenniches, S. S. Manoharan, and J.
the magnetization was calculated for a>684 system of Fe i cchner, phys. Rev. B6, 2340(1997.

atoms arranged on a triangular lattice with the same atomicy. shen, J. P. Pierce, G. A. Farnan, Z. Gai, A. P. Baddorf, J. F. Wendelken,
separation as that found in bulk Cu. By matching the tem- E. W. Plummer, and J. Kirschneanpublishedl

perature at which the equilibrium magnetization perpendicu—4E|' /?)l eStreggglails’ ’\k (\"A";“‘g::ednﬁh ffvﬁnyﬁkhﬂiﬁbﬁfﬁ' f’ SO%(I;SQ; e
lar to the substrate vanished to experimental restts a Teller, J. Chem. Phy1, 1087(1953. U ’ '
monolayer of Fe on Qudll), a value ofJ=7.5meV is  °D. Bouzida, S. Kumar, and R. H. Swendsen, Phys. Rev5A 8894
found. This result indicates that the exchange coupling be—6(1993- _

tween Fe atoms in the film is much smaller than that ob-,J; & Schulthess, H. K. Lee, and G. Browmpublished

. . This simulation was performed using the same Monte Carlo code de-
served in bulk Fe. Effects other than those discussed herescrined above, which is taken from the psi-mag library.

could also reduce the crossover temperature by reducing eXH.-B. Braun, Phys. Rev. Let71, 3557(1993.
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