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Magnetization on rough ferromagnetic surfaces
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Using Ising-model Monte Carlo simulations, we show a strong dependence of surface magnetization on
surface roughness. On ferromagnetic surfaces with spin-exchange coupling larger than that of the bulk, the
surface magnetic ordering temperature decreases toward the bulk Curie temperature with increasing roughness.
For surfaces with spin-exchange coupling smaller than that of the bulk, a crossover behavior occurs: at low
temperature, the surface magnetization decreases with increasing roughness; at high temperature, the reverse is
true.

The magnetic properties of ferromagnetic surfaces and insystematic theoretical study to establish the relationship of
terfaces have been extensively investigated because of thaurface roughness to surface magnetization and its tempera-
potential impact on magnetic recording devieslarge en-  ture dependence, by introducing the surface roughness in a
hancement of magnetic moments at the surface of ferromagystematic manner. We find that surface roughness strongly
netic materials is predicted by band structure théofyThe  affects surface magnetization, not only changing the surface
enhancement is attributed to the reduced dimensionality anghagnetic ordering temperature but also modifying the mag-
coordination of surface atonis* At ordinary temperatures, nitude of magnetization in a complex fashion.
however, the fluctuations in the surface magnetization can be We simulate the magnetization at different temperatures
large enough to mask the possible differences in the magor surfaces with controlled morphologies, using the Ising-
netic moments of bulk and surfa€ Although a direct mea-  model Monte Carlo method. The simulations are performed
surement of surface magnetic moments remains a challengy, 5 simple-cubic spin lattice slab with two free surfagee
ing problem, recent experiments have shown that the surfag€y 1), periodic boundary conditions are applied in #&nd
magnetization is different from that of the bulk. For example,y directions. We use a sample size ofx?BOX 20 sites,

in 4f rare-earth films, an enhanced surface magnetic orde(ﬂ/hich shows good convergence with respect to sample
ing temperature has been obserfetigonfirming the earlier sizel® Extra layers are added to create surface morphologies

theoretical predmﬂon%‘? . with different degrees of roughness. We use the nearest-
Most earlier studies on surface magnetism are based on

the assumption that ferromagnetic su_,lrface is m_orphologicall?heelglggglrizlzldng rir:lc;dﬁ_lht: srjrr])c;ecseegt imlecn:gr?cgir;su bI?r:Winr:
perfectly smooth(ideal bulk termination Real films, how- pIns. P Y piing

ever, have a rough surface. The atomic heights of surfacB€ Chosen to be the same as or different from the bulk spin-

atoms can differ by a few atomic spacings because of th§*change coupling. We used 18000 Monte Carlo steps in
formation of a variety of surface defedtsteps, islands, va- each simulation and the results are averaged over 5000 steps

cancies, etg. Such surface roughness are expected to affecfter equilibration.
magnetism. Therefore, establishing the relationship of Inincorporating surface roughness, surface layers are sys-
surfacefinterface magnetic properties to surface/interfaciematically modified by either introducing stefwscinal sur-
roughness is not only of fundamental interest but is alsdace with smooth terraces separated by equally spaced mon-
essential for development of new magnetic devices usingtomic stepsor displacing surface atoms to lattice sites at
magnetic multilayers. random heightdone large rough terrageFigure 1 shows
There is an increasing recent interest in understanding thechematically these two typical situations for a rough sur-
effect of surface/interface roughness on magnetic propertie§ace. The first surface contains steps as the only roughness
Experimentally, it has been shown that interface roughnesteatures; the second surface corresponds to a diffusion-
may destroy interlayer magnetic coupling between thin filmdimited growth with the resultant rough growth front follow-
in a multilayer structuré® The dynamic response of a ing a Poisson distribution.
surface/interface to an external field can also be altered by In general, the roughness of a surfdagerface can be
roughness. Surface roughness changes the shape of hystguantitatively characterized by its rms roughnésk lateral
esis curves? Spin-polarized element-specific diffuse x-ray correlation length£), and fractal exponerth).l’ For a vici-
diffraction from ferromagnetic surfaces/interfaces shows thahal surface, the rms roughness for a given sample sikz¢ (2
the magnetization at a surface/interface is modified by thés given byo=(v3/6)L tand, which increases linearly with
surfacefinterface roughneks. Theoretical modeling and the tangent of the miscut anglé The larger the miscut
simulation$* show that the critical behavior of edges is dif- angle, the higher the step density, and then the rougher the
ferent from that of surfaces. Although these studies haveurface. The roughness is uniformly distributed with an infi-
begun to recognize the importance of roughness in surfaceite lateral correlation length. For the random surface, the
magnetism, a quantitative understanding of their relationshipms roughness is numerically evaluated for each constructed
is still far from complete. In this Brief Report, we present asurface. The lateral correlation length is relatively short,
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FIG. 1. Schematic views of the two types of lattices used in the
Monte Carlo simulations(a) Vicinal surface,(b) randomly rough

FIG. 2. Surface magnetization as a function of temperature in
surface.

vicinal surfaces and random surfaces, as shown in Fig. 1, uging
=J,. (8 Randomly rough surface; the symbols denote different
compared to the miscut surface. These two classes of roughs roughness values in units of a lattice spa¢myalue of 1.67 is
surfaces represent extremes in types of roughness and in laguivalent to about one lattice spacing of mean roughndss
eral correlation. marks the bulk Curie temperatur@) vicinal surface; the numbers
Figure 2 shows the surface magnetization, the average brackets are miscut angles. The other notations are the same as
over all spins on the top-layer surface sites, as a function dh (.
temperature when the surface spin exchange coupliggig
set equal to the bulk spin exchange couplidg)( The sur- =J,, we treat the surface spins and bulk spins the same. The
face magnetization decreases with increasing surface roughifective local field of a surface spin is simply proportional
ness for all temperatures. For the random surf&ig. 2@], to its coordination numbefsee discussion belgwAs the
the surface magnetization decreases as much as 30% at somaface gets rougher, the average coordination of surface
temperatures, as the surface rms roughness increases fr@mins decreases, and consequently, the surface magnetization
zero to about one lattice spacitmtypical value for an actual decreases. Previous band structure calculdtiatso show
film). We believe this amount of change in surface magnetithat the magnetic moment of a ferromagnetic system dis-
zation should be experimentally observable. Recently, th@lays a strong dependence on the local order of the atomic
oxygen induced reduction of surface magnetization ofstructure.
Gd(000) has been measured by spin-resolved When Jg differs from J,, the behavior of the surface
photoemissiort? Similar experiments could be done to magnetization with changing roughness is much more com-
verify our prediction by measuring the change of surfaceplex and interestingds may be larger or smaller thad,.
magnetization for a variety of vicinal samples or ion- The reduced atomic coordination at a surface produces a nar-
bombarded surfaces. rower band width and hence a larger magnetic morfight,
Qualitatively similar results are obtained for the vicinal favoring Js>J,,. On the other hand, the surface lattice spac-
surface[Fig. 2(b)], but for the same rms roughness, the mag-ing can be larger than the bulk lattice spacing, leading to a
netization is smaller in the random surface than in the vicinalveaker spin-spin interaction and favoring<J,. In 4f
surface. Because the lateral correlation length of the randomare-earth films, e.g., GA00J), a surface magnetic ordering
surface is much smaller than that of vicinal surface, the rantemperature higher than the bulk Curie temperature has been
dom surface is in effect rougher than the vicinal surface fobserved, indicating the system hak>J,.'® For 3d tran-
the same rms roughness. sition metals, indirect evidence from clusters points to the
Decreasing magnetization with increasing roughness calikelihood of J;<J,.%*® We therefore consider both possi-
be partly understood within the arguments of mean-fieldbilities.
theory, in terms of modification of the effective local field of  Figure 3 shows an example of the dependence of magne-
surface spins due to the surface roughness. By assudging tization on temperature for various miscuts of the vicinal
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FIG. 3. Surface magnetization as a function of temperature in o ) .
vicinal surfaces, usings=2J,. T.s marks the surface ordering FIG. 4. Surface magnetization as a function of temperature in

temperature. Other notations are the same as in Fa. Randomly ~ Vicinal surfaces, usings=0.63], for two values of surface rough-
rough surfaces show the same behavior. ness, a smooth surface and a 45° miscut surface. Notations are the

same as in Fig. @). Randomly rough surfaces show the same be-

o havior. The inset shows the dependence of the crossover tempera-
surface forJs>Jy,. The surface magnetization always de- yre (relative to the smooth surfacas a function of the relative

creases with increasing surface roughness, akfody, (Fig.  strength ofly(\?) for various values of roughness. The crossover
2). For sufficiently high values aoi, the surface magnetiza- temperature increases with increasihgand decreasing roughness.
tion can be higher than the bulk magnetization in the smooth
surface but becomes smaller than the bulk magnetization &&f Js makes an experimental observation of this behavior
the surface gets rough. In agreement with previoudlausible even though the differences in magnetization
simulations'® we find that the surface has an ordering tem-shown in Fig. 4 are not large. _
perature abovd,. Most importantly, however, we are able N order to understand the origin of this “crossover” be-
to show that the surface ordering temperatufe de- havior, we may apply mean-field theory to the miscut sur-
creases toward, as the surface gets rougher. The enhancetace' Wlthln the nearest-r_welghbor Ising .model, the effective
ment of surface ordering temperature has been observed {ic@! field of a surface spiM can be written as
Gd(0001),° and the enhancement is seen only in clean films.
The disappearance of the enhancement on contaminated
films is speculated to be due to surface roughie®sir  where z, J and m denotes, respectively, the number of
theory shows that surface roughness can indeed lower sumearest-neighbor spins, the exchange coupling, and the aver-
face ordering temperature without a need for impuritfes. age magnetization. Subscripgsand b indicate surface and
Experiments using clean samples with different degrees dbulk, respectively. Assuming,=J and J;=\2J,, the sur-
surface roughness, such as vicinal surfaces with differerface magnetization is derived?ds
miscuts, can confirm our prediction. .

A more complex behavior occurs whel<<J,. As an _
example, Fig. 4 shows the dependence of the surface mag- ms—tanl{kB—T()\szswL meb)}’ 2
netization on temperature fak,=0.5J, in a smooth and a .
45° miscut rough surface. Both surfaces start ordering at thN€€ksg is the Boltzmann constant. Now we compare two
bulk Curie temperature because the bulk ordering can inducgxtreme surfa_ces: one with mLSCUt angle 0°, perfectly
the surface to order wheiy<<J,. The relationship of mag- smoath; one with miscut angle 45 ' ex‘gremely roggh. Fpr the
netization to roughness displays a crossover as a function amoot.h surfacezs=4 andz,=1 in a simple cubic lattice.
temperature. At low temperatures, the surface magnetizationduation(2) becomes
is higherin the smooth surface, while at higher temperatures, \J
the surface magnetization iswer in the smooth surface. In mgmooth: tanr{—(4)\ms+ mb)} 3
Fig. 4, the crossover appears at abouflQ.5In general, it kT
depends ol and surface roughness. As shown in the insefor the 45° miscut surfaces=2 andz,=2. Equation(2)
of Fig. 4, for a given surface roughness, the crossover temeduces to
perature increases monotonically with increasiig For a
given Jg, the crossover temperature also changes slightly rough
with surface roughness, decreasing with increasing rough- mg==tan W(Amﬁ mp) |- 4
ness. Although the crossover is not a phase transition, the
inset of Fig. 4 resembles a phase diagram: in the upper leftor 0.5<\<1.0, it is easy to show that a—0, ms, m,
region, the surface magnetizatiimcreaseswith increasing —1. From Egs(3) and(4) we have
surface roughness; in the lower right region, the surface mag-

[{ (4N + 1))\\]}

M= ZeJsMs+ ZpJpmy, (1)

netizationdecreasesvith increasing surface roughness. The smooth_
mg " =1-2exX
fact that the crossover appears over a large range of values 3kT

©)
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and temperature T¢) is higher than the bulk Curie temperature
(T.) if the surface is perfectly smooth, but decreases toward
miough_ 1 _ o exp{— 2(>\+1)?\J} () Tcas the surface gets rougher. The surface magnetization
s 3kT decreases at all temperatures with increasing roughness and

the change in surface magnetization is large enough so that it
should be measurable. These conditions apply also for sur-
faces with spin exchange coupling equal to the bulk, except
My that Tps always equalg .. For surfaces with spin gxcha.nge.

(7) coupling smaller than the bulk, a crossover behavior exists in

As T—T. (T,=6J/k is the mean-field bulk Curie tempera-
ture), mg, m,—0; then

smooth_

ms N2
6—4\ the relationship of magnetization to roughness: the magneti-
and zation decreases at low temperature but increases at high
temperature as the surface roughness increases. Measure-
myough_ Amy ®) ments on different clean vicinal surfaces could demonstrate a
s 3-\%" dependence of the magnetization on roughness below

T., especially for materials witd=J,, and the dependence
As a result,mg" "> mg%" at low temperature bung™*™" £y pon r):)ughness for materials wittd >pr The
h . . cs s i
<mg**"at high temperature, leading to the crossover behave;ossover behavior for materials with<J, is possibly ob-
Ior. _ _ _ _ servable in 8 metal films or clusters. Finally, although all
In conclusion, we have investigated the behavior of surihe simulations are done here with a surface model. we

face magnetization on a rough surface. We show that thgyhect similar results at rough interfaces in a multilayer
surface magnetic properties sensitively depend on the surfacgcture.

roughness, suggesting that earlier results, which have ne-

glected roughness, may need to be reinterpreted. Specifi- We acknowledge stimulating discussions with J. F.
cally, we establish that for surfaces with spin exchange couMacKay and D. E. Savage. This work was supported by
pling larger than the bulk, the surface magnetic orderingAFOSR, Grant No. F49620-95-1-0431.
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