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Magnetism of thin Ising films with rough surfaces
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We study the ferromagnetic Ising model on thin films of random thicknesses using Monte Carlo simulations.
The films have a simple cubic lattice structure, length and widitione flat surface and discretized Gaussian
distributions of thicknesses with me&nand rms deviatiolAL. We consider the cases Al = const for any
L (type ) andAL/L=const for anyL (type Il). A decrease of the critical temperatufg(L,AL) for fixed L
and increasing roughnesal) is observed. The specific-heat peak of rough films of finite length is reduced
when compared to the uniform films. The susceptibility peak is not reduced for small roughnesd §, and
decreases for larger roughness. This type of disorder is shown to be irrelevant for the critical exponents, and
two-dimensional finite-size scaling relatiofis the lateral lengtiN) do not have remarkable corrections when
compared to the uniform films. In films of type |, the critical temperature $hiftT (3D) —T.(L,AL) scales
with L approximately as in the uniform films, and a small roughness becomes irrelevant-fth, where
three-dimensional scaling is attained. In films of typéd lidecreases slowly with, in disagreement with both
two- and three-dimensional behavior far<10. We discuss the possible connections of our results and
experiments in magnetic thin filmS0163-18208)01922-5

[. INTRODUCTION In a recent work we have considered the one-dimensional
version of these rough films, i.e., infinitely long strips of
In recent years there has been much interest in the magandom widths. It was shown that finite-size scaling is sat-
netism of systems with a small number of atotissuch as isfied, taking the mean width as the characteristic length of
small magnetic clusters and thin films. The magnetic properthe strip, if the rms deviatioA L is constant or proportional
ties depend on several geometric features, which depend ao L. It was also shown that the corrections to those relations
the conditions during the growth. Thus the connection beincrease withAL. However, due to the different dimension-
tween experimental and theoretical results requires a detaileglity, most results cannot be extended to thin magnetic films.
study of the dependence of physical quantities on the geom- e will consider films with dimensionsi X Nx L, where
etry of the systems. Some specific properties have alreadye |ength and widtiN are fixed throughout the structure,
been considered in theoretical works, such as the size anghd | represents the mean of a discretized Gaussian distri-
lattice structure of small clustefs, the thickness of the pution of thicknesses, with rms deviatigkL. One of the
films,” and the roughness of one-dimensional structfires. gy faces is flat and the other is rough, as shown in Fig. 1. We
Here we will study the influence of surface roughness inyj consider two possibilities for the rms deviatiofL
thg magnetism of thlin films, by cons_idering films of !sing AL =const for allL (type I) andAL/L =const for allL (type
spins with random thicknesses. We will address some impom) These possibilities represent, respectively, a fixed rough-
tant questions from both the theoretical and experimentalass when the mean thickndssncreases and a roughness
points of view. For instance, this model will provide infor- {15t increases with the mean thickness. Thermodynamic
mation on the changes of the magnetic properties that can g antities will be calculated via Monte Carlo simulations.
attributed solely to the uncorrelated surface roughness. Fur- \ya imited our study to relatively small thicknesses (

thermore, we will analyze the effect of different roughness_ 10) but, as will be shown below, it reveals interesting
patterns in the finite-size scaling relations involving the ’ ’

. . . roperties of rough filmge.g., their critical exponentsand
mean thicknesses of the films. Several experimental tests ‘gfome of these properties can be extrapolated to larger thick-
those relations were already dohé,and the connections to

e nesses, particularly for small roughness. Some cases of large
the conditions of growth were analyzed.

The layered Ising systems considered here can be exactly
mapped on random spin systems on a square lattice, follow-
ing the same ideas of the mapping of a two-layer spin-
model on a square lattice spirmodel® Recently, the effect
of dilution or bond disorder on the critical behavior of two-
dimensional Ising systems has attracted much intétekt.
Although there are evidences that the critical exponents are
the same as in the pure system, remarkable corrections to the X
dominant critical behavior were found. This work is also
relevant on the general context of magnetism of disordered
systems, particularly for the analysis of the corrections to the FIG. 1. Thin film with length and widtiN, one flat surface and
critical behavior. one rough surface with mean thickndss
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roughness were considered when we studied the films of type 200 L L L
Il.
This work is organized as follows. In Sec. Il we present
the results of Monte Carlo simulations. In Sec. Il we analyze
the two-dimensional finite-size scaling relatiofis the lat- 150
eral lengthN) for the rough films. In Sec. IV we analyze the
scaling of critical temperatures of films of types | and Il. In
Sec. V we discuss the possible relations between our results
and experiments and summarize our conclusions. 100

II. NUMERICAL CALCULATIONS AND RESULTS

We considered the nearest-neighbor Ising model with 50
(constank ferromagnetic interactions

= — . — O R 2
Tt J% 55 Hzi il W 2.6 2.8 3 3.2 3.4
where(i,j) denotes a pair of nearest neighbdsss +1 is kBT/J
the spin variable at site andH is an external magnetic field.
A simple cubic lattice structure is assumed for the films.
They have equal lengthN in the x andy directions and
variable height £ direction, satisfying a discretized Gauss-
ian distribution with mea. and rms deviatiorA L. We stud-
ied films with N= 25, 50, and 100L=2, 3, 5, and 10. For
films of type | we consideredL =0 (flat films),  and 1. For
films of type Il we considered L/L=3. The maximum ac-
ceptable thickness wasL2for all distributions. Periodic
boundary conditions were considered along directiorsd
y, and free boundaries along directianThe geometry of a

film is illustrated i_n Fig._l. . accuracy of the films with small roughness.
Monte Carlo simulations were performed using the Me- Fig. 2 we show the magnetic susceptibility per sgin

tropolis alg.orithm as usuall_y applied to Isi.ng .SyStéﬁ‘gB' for the films withL=2, N=100 and 50. It is clear that the
All calculations were .d.one in zero magnetic field. At e""Chcritical temperatur@ .(L,AL) decreases when the roughness
temperature, 510" initial Monte Carlo stepSMCS) per AL) increases. This property is also supported by the
Spin were discarded. The averages of t_hermodynamlc qua pecific-heat data for the same films, shown in Fig. 3, and the
tities were taken from 0spin configurations (% 10* near magnetization per spin, shown in Fig. 4. AlthouGHL,AL)

the critical temperaturesin order to reduce the correlations, is defined wherN_s oo (;Nhenx andC. diverge it is,very

Ns MCS were skipped between two successive configura- H '

tions used in the averaging process, Withranging from 10

As the films are disordered, physical quantities must be
avearaged over different realizations of each distribution of
heights(i.e., different films with the samél, L, andAL). 25
However, in films with smallAL (typically AL<1), the '
large lengthaN and periodic boundaries ensure that a large C
number of different microscopic environmetitharacteristic 5
of the distribution are present in a single realization. Then
the differences of the quantities estimated in two different
realizations are expected to be very sm#iis result was
obtained in the one-dimensional version of the profSlert
was confirmed by calculations in some temperatures Tigar
for all films with AL<1 using three different realizations.
For instance, the fluctuations of the magnetic susceptibilities
estimated in different realizations were always less than 3%,
and this value is within the statistical error bars in the critical
region. For other thermodynamic quantities the deviations 2.6
were smaller. Thus the results presented here forNnly, k T/J
and AL=<1 were obtained in a single realization of each B
distribution, but are sufficiently accurate to represent the av- FIG. 3. Specific heat per spin for the same films in Fig. 2, with
erages in this ensemble of films. the same symbols.

FIG. 2. Magnetic susceptibility per spin for various films with
mean thicknesg& =2: N=100,AL=0 (V); N=50,AL=0 (X);
N=100,AL=3 (*); N=50, AL=2 (0); N=100,AL=1 (¢);
N=50,AL=1 (A).

For films with largerAL, the differences of the estimates
obtained in different realizations are larger. The results pre-
sented below for films wittAL>1 are averages oveMy
different realizations, witiNg ranging from 20 to 40, de-
pending on the values dfl, L, and AL. This number of
realizations is sufficient to provide estimates with the same
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i ] FIG. 6. Maximum susceptibility versus lengthfor films with:
02 | ] (@ L=2 (symbols are superimposedAL=0 (0); ALz% (X);
L i AL=1 (A); (b) L=5: AL=0 (*); AL=1 (0); AL=5/2 (V).
- X . Straight lines are least-squares fits of the data for flat films.
ol Lo Lo L L lIl. TWO-DIMENSIONAL FINITE-SIZE SCALING
2.4 2.6 2.8 3 3.2 3.4 ANALYSIS

kBT/J The thermodynamic quantities of rough films with a fixed

FIG. 4. Magnetization per spin for the same films in Fig. 2, with distribution of heights I,AL) and various I_engths\l (_2_5’ .
the same symbols. 50, and 100) scale witN as the corresponding quantities in
flat films. It occurs even for large roughness, although the

near the temperature of the susceptibility peak of the largestcaling amplitudes are different.

films (N=100), Ty(L,AL), as will be shown in Sec. Ill. In Figs. a) and @b) we show the susceptibility peaks
The specific-heat pea®y,ax decreases when the rough- Xmax VersusN for films v¥:3th L=2 and 5, respectively.

ness increases, which is consistent Wi (CdT/T)=2kg . The expected scaliflg

However, it is interesting that it does not occur with the Yanax( L, ALN)~N??, 7

susceptibility peakyyax. We also note that the height and
the width of the susceptibility peak have negligible depen-with y/»=1.75+0.03, is obtained for flat and rough films
dence on the roughness for all the other films with smallwith L=2 andL=3. For flat and rough films with =5
roughness AL <1). [Fig. 6(b)], xmax Scales as Eq2) with y/v~1.70. For all
For larger roughnesg,ax Starts to decrease. In Figiéd  films with L=10, y/v~1.68. For flat films, it certainly does
we show the susceptibility for films witiN=100, L=5 not represent a change of universality class, but is an effect
(AL=0, 1, and3) and in Fig. 5b) we show the susceptibil- of the finite sizedN. These effects tend to increase for thicker
ity for films with N=100,L=10 (AL=0 and 5). For films films with the same lengths, which agrees with the results of
with L=10 andAL =5, yuax iS nearly3 of the uniform film  a recent numerical study of flat Ising filid he similar be-
value L=10,AL=0). haviors ofxyax in flat and rough films with the same thick-
For small roughness;yax Seems to be related only to the nessL indicate that the two-dimensional valyév=1.75 is
lateral lengthN (the data for films withN=50 andN=25  expected also for the latter, &— <, although the ampli-
support this result and does not depend drl_. Remarkable tudes of the scaling functions are different.
decreases ofyax are observed only in very rough films.  In Figs. 1@ and qb) we show the specific-heat peaks
Thus it seems thakL is the relevant variable to the decreaseCuax versusN for films with L=2 and 5, respectively.
of xmax, because the correlations along the film are moreéCuax scales in the rough films as in the uniform films. The

difficult when the roughness increases. expected scaling*®
X X Cuax(L,AL,N)~InN €)
AR mEE TR
200 [ 200 |- g Chax Chuax
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FIG. 5. Magnetic susceptibility per spin for films witta) mean (a) N (b) N
thicknessL=5, lengthN=100 and:AL=0 (O); AL=1 (A);
AL=§ (X); (b) mean thickness. =10, lengthN=100 and:AL FIG. 7. Maximum specific heat versus lendthfor the same

=0 (*); AL=5 (9). films in Fig. 6, with the same symbols.
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TABLE I. Critical temperaturél(L,AL), temperature of maxi- T | T T
mum susceptibilityTy,(L,AL) of films with N=100, and relative

decrease of . from the uniform film valuee(L,AL). 0.6 x —
L,AL T(L,AL) Tw(L,AL) e(L,AL) (%) L ]
— *
2,0 3.196-0.01 3.2250.01 *
2,5 3.022:0.01  3.0450.01 5.4 3 04 % u
2,1 2.743-0.02 2.795-0.01 14.2 <]
3,0 3.628-0.005 3.65-0.01 =)
3,3 3.528+0.01 3.55-0.01 2.8 s
3,1 3.378-0.015 3.41-0.01 6.9
3,3 3.174+0.015 3.230.01 12,5
5,0 4.010.01 4.03-0.01
5,3% 3.972+0.005 3.99-0.01 0.9
5,1 3.914-0.01 3.94-0.01 2.4
5,3 3.634+0.01 3.67-0.01 9.4
10,0 4.306-0.01 4.32-0.01 1/L
10,5 4.04-0.01 4.065 0.01 6.2

FIG. 8. e(L,AL)XL (Eqg. 7 versus 1 for some classes of
films: AL=2% (X); AL=1 (A); AL=L/2 (*). Straight lines are

is obtained with good accuracy in the films with small thick- least-squares fits of the data for films of type I.

nesses (=2 and 3). Small deviations of Eq3) are ob-
served in thicker fl_lms, but these deviations are also s_lmllar IV. SCALING OF T, OF ROUGH FILMS

for flat and rough films. They can also be attributed to finite-

size effects, and the scaling relati¢8) must be satisfied in The effect of roughness on films with fixed mean thick-

rough films asN—o°. nessL may be measured by the relative decreasg& of
The scaling relation$2) and (3) for the disordered films
are not evident. In two-dimensional systems with dilution or (L.AL) Te(L,0)—T¢(L,AL) o
e(L, =

bond disorder, there is no controversy that &j.holds with
ylv=1.75, but a weaker divergence in Ed3) is
expected?~* We then conclude that the type of disorder which is also shown in Table I. We note thefL,AL) in-
analyzed here is irrelevant to the two-dimensional Ising criti-creases fast witAL, for fixed L, which corresponds to the
cal behavior. Moreover, the corrections to the dominant critifast decrease of .(L,AL) with increasing roughness.
cal behavior seem to have the same form of the uniform In Fig. 8 we showe(L,AL)XL versus 1. Results for
films, differing only in the scaling amplitudes. films of type | (AL=% andAL=1) and films of type Il are
In view of the previous results, we considered two-clearly different. In films of type le(L,AL) decreases ap-
dimensional critical exponents to obtain the critical temperaproximately with 1L.2, indicating that a fixed roughness pat-

T.(L,0) '

turesT.(L,AL). We estimated the Binder cumuldht tern is irrelevant for quite small thicknessds~15 for AL
=<1). In films of type Il, e(L,AL) decreases very slowly
1 (M*% with L (approximately as /L), then we expect that only for
Un=1- 3 (M3 (4)  much thicker films [>10) this roughness pattern will be-

come irrelevant.

whereM is the magnetization of the system, and defined theS Cell'ie|sasexpected that the reduced critical temperafuies
pseudocritical temperatufB* (N) (for fixed L andAL) as

 Te(3D)-Te(L,AL)

UnN[T*(N)]= Ul TH(N/2) . 5 t = L, )
NLT* (N)]=Uned T* (N/2)] (5) 1 D)
Then we assumed that with T,(3D)~4.51152(Ref. 21) and\ = 1/v, wherev is the
critical exponent for the three-dimensional Ising model [
T*(N)—To(L,AL)=AN"}, (6) ~0.6301(Ref. 21].

For smallL, however, that scaling is not obtained even in
with A constant anch =1/v=1 (the well-known result in the flat films. A nearly two-dimensional behaviok € 1/v

two dimension®). Using the estimates of*(N) for N ~1) is obtained fot. <10, and, as shown in a recent stdy,
=50 and 100, we obtaifi;(L,AL) in Eqg. (6). the three-dimensional behavior is attained onlylfor 10.
The estimates of .(L,AL) andTy(L,AL) (temperatures In Fig. 9 we showt, versusL in four classes of films: flat,

of xwax Of the largest films, withN=100) are shown in AL=3% AL=1, andAL=L/2. We note that films of type |

Table I. The differences of ;(L,AL) and Ty(L,AL) are follow the same trend of the flat films, which is approxi-
very small, with a maximum relative difference of 2% for mately a two-dimensional behavior in this range of thick-
L=2,AL=1. nesses. A small roughness must become irrelevant.for
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' L type |, with fixed roughness for all thicknessks the re-
B 7 duced critical temperaturds (Eq. 8 scale withL approxi-
t mately as in the flat films, showing a crossover from two- to
L | i three-dimensional behavior for small A small roughness

(AL=<1) has negligible effects om for L>10, where the
three-dimensional behavior tf is observed. In films of type
Il, where the roughness increases witht, decreases very
slowly. Our results may be connected to previous experi-
ments with thin magnetic films and may also help future
investigations.
- - The variations inT; and )y ax in different growth condi-
tions are frequently analyzed in experiments with thin mag-
netic films. As an example, we consider recent experiments
with Co films deposited oW(110)2 In films with mean
0.1 . i thickness near 2 monolayers, it was observed fhatnd
T 10 xmax decreased after annealing, but the first layer was ther-
mally stable. It was suggested that an increase in the rough-
L ness was one of the reasons for that behavior. According to
our results, these properties cannot be explained by uncorre-
FIG. 9. Reduced critical temperatute (Eq. 8 versus mean lated roughness alone. A large roughness would be necessary
thicknessL for some classes of filma\L=0 (0); AL=3 (X); to produce a large decrease gfiax, but for largeAL and
AL=1 (A); AL=L/2 (*). Straight lines are least-squares fits of L~2 the first layer would not be completely fillggor in-
the data for all classes. FarL=0, AL=5 and AL=1, the fits  stance, ifAL=2, 11% of the first layer is not filladIn fact,
considered only. <5, in order to show the similar behavigrearly  the decrease ofmax in the experiments suggests a decrease
two dimensionalin those classes. of the lateral sizes of the connected regions of the film. Then

) ) ) ~a model should incorporate other effects, such as formation
~15, but that is exactly the region where three-dimensionaj islands (also suggested in Ref.)5in order to describe

behavior is attained. Thus we conclude that a small roughtnese experiments.

ness will not disturb the three-dimensional scaling in the Tpe dependence df on L is also frequently analyzed in

range of thicknesses where it is valid. , ~experiment$~® For small roughness, which is present even
On the other hand, a very large roughness will be irrel5, he petter growth conditions, the three-dimensional behav-

evant only for largerL, even when it is fixed for alL. o of 1, is not affected in the range of thicknesses where it
Consequently, it will disturb the three-dimensional behawora lies LS 10). Our results also show that deviations from
for L~10. For instance, we expect that a fixadl =5 will pp '

be irrelevant onlv fol. ~ 30 assuming a L2 dependence of both two- and three-dimensional behavior for small thick-
nly ’ 9 P nesses may be a signature of a roughness increasing with the
e(L,AL), as discussed above.

. . mean thicknesse.qg., films of type ).
”? f|Ims of type “.’ L decreasgs very S.'IOWW with. The Another interesting consequence of the large variations of
scaling in Fig. 9 is not consistent with two- or three-

dimensional behavior, but with~0.8. The previous analy- Te with roughness is thati, must decrease smoothly with

is of (L AL) indicate that th deviati il di if there is a smooth relation betweénand AL. Films of
S'SI Ofe( ' ? n 'fa € that these deviations wi IS""ppe""rtypes | and Il have these properti@sg. 9). But if the par-
only for very larget . . . . icular growth conditions lead to a chaotic variation Hof
Ehe resgltﬁ, abo:;e gre Compﬁtelﬁl dlff?rent in the st?ps OWhenL increases, we also expect a chaotic variation, of
random widths studied previouslyThere, finite-size scaling : ' . :
relations were valid for small lengthd £12), but the ef- which would be clearly displayed intax L plot.

; ; g Finally, we suggest that simple modifications of our
fects of roughness in the corrections to scaling were remarl?nodel of rough films, incorporating magnetic inhomogene-
able, even forAL fixed and small. '

ities or other types of disordde.g., correlated roughngss

may give interesting results and explain some features of real
V. SUMMARY AND CONCLUSIONS systems.

We have shown that the introduction of uncorrelated
roughness on thin Ising films reduces the critical temperature
and the height of the specific-heat peak, but only for large The author thanks Professor R. B. Muniz for helpful dis-
roughness £L>1) the susceptibility peak has a consider- cussions and Professor P. M. C. Oliveira for helpful discus-
able decrease. This type of disorder has no effect on thsions and for a critical reading of the manuscript. This work
critical exponents, and the corrections to the dominant critiwas partially supported by CNPq and FINEBrazilian
cal behavior seem to be the same of the flat films. In films ofigencies
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