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Modeling of the magnetic properties of the Cr-Fe interface
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A method of self-consistent determination of magnetic ordering in rough Fe-Cr interfaces is
developed. It comprises two basic algorithms. The first algorithm is the EPITAXY routine, which allows
one to simulate the structure of the Fe-Cr interfaces. The EPITAXY algorithm works in two variants.
One of them creates relatively regular structures while the second variant generates quite irregular inter-
faces. The second algorithm provides a routine for determination of the magnetic ordering in a spatially
inhomogeneous structure. For sets of the interfaces, constructed with the EPITAXY algorithm and
comprising 30 configurations, self-consistent calculations of the magnetic properties of the system are
performed. This allows us to obtain the average physical quantities of the interface and its dependence
on the coverage parameter £ with a reasonable accuracy. It is shown that low coverages of Cr upon the
Fe vicinal surface cause a decrease in the average magnetic moment of the interface iron atoms. The
influence of surface roughness on the smoothing of the average magnetic-moment oscillations with sur-
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face coverage is demonstrated.
L. INTRODUCTION

The recent development of epitaxial growth technology
allows the generation of a great diversity of multilayer
samples with well controlled parameters. This has creat-
ed a new class of materials and phenomena which have
become the subject of intensive research. In particular, a
number of challenging problems are related to investiga-
tion of magnetic properties of superlattices built with
magnetic-nonmagnetic bilayers.

One of the appealing multilayer systems consists of
Fe-Cr superlaitices and sandwiches which exhibit in-
teresting phenomena, for example, giant magnetoresis-
tance’? and Cr-layer-thickness-dependent oscillations of
magnetic coupling between the adjacent Fe layers.>* A
number of experimental studies of these systems have
been performed and a substantial influence of interface
roughness on the magnetic properties of the superlattices
has been revealed. This influence is very important, since
rough interfaces are much easier to obtain and are thus
more likely to be employed in any future technological
applications of multilayers.

Cr-Fe interfaces have been investigated using a range
of methods. For example, Unguris, Celotta, and Pierce’
generated wedges that exhibit both short and long
periods in oscillations of the exchange coupling. These
interfaces are not continuous, but consist of a series of
steps. In a later paper by the same authors® some mag-
netic properties of Cr films grown epitaxially on an
Fe(100) whisker were investigated as functions of the Cr
layer thickness by means of scanning electron microscopy
with polarization analysis (SEMPA).

The technique of soft x-ray magnetic dichroism has
also been applied’ to an Fe/Cr/Fe trilayer epitaxially de-
posited on the (001) surface of GaAs. It was shown by
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this method that Cr atoms exhibit ferromagnetic ordering
within each layer and antiferromagnetic ordering with
respect to the atoms in the Fe layers. The magnitudes of
the magnetic moments on the Cr surface were estimated
at (0.6+0.2)up. Besides this, it was revealed that the to-
tal magnetic moment of the sample decreases monotoni-
cally during Cr coating. The authors have related this
phenomenon to the antiferromagnetic structure of the
surface island of Cr atoms on the previously created Cr
surface. However, if the coverage parameter { is close to
0.25, the experimental data evidence that the decrease of
the magnetic moment (while the  parameter increases) is
more pronounced than the Poisson island model predicts.

Another method of investigation applied to the study
of magnetic ordering in Cr/Fe interfaces is spin-resolved
core-level photoemission.? The average magnetic mo-
ment per one atom for Cr monolayers was estimated in
this paper as (0.5-1)up. This experimental work also
confirmed the antiferromagnetic coupling of the neigh-
boring Cr and Fe layers, as have spin-polarized electron-
energy-loss spectroscopy’ and spin-resolved valence-band
photoemission studies.

A particularly thorough experimental investigation of
the Cr-Fe interface using a magnetometer was performed
by Turtur and Bayreuther.l® They kept track of the
dependence of the interface magnetic moment on the cov-
erage parameter {. Since the experimental setup allowed
the authors to change this parameter continuously, the
interfaces obtained were inevitably rough. As a result of
this, the regular structure of the antiferromagnetically or-
dered ideal Cr layers, which was forecast by theoretical
calculations of the ideal interfaces, was averaged out.
The resultant averaged magnetic patterns depend on the
statistical details of the Cr atom distribution in the inter-
face. Description of these correlations is a challenging
theoretical problem.
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Most of the theoretical investigations were concentrat-
ed upon ideal systems. Actually, the theoretical treat-
ment of rough interfaces implies determination of the
physical quantities under consideration for a set of ran-
domly constructed interfaces and averaging of the quanti-
ties obtained over the ensemble. This requires the devel-
opment of simple, approximate, but quite accurate,
methods of solution of the basic equations which deter-
mine these physical quantities. It is to be noted that the
conventional accurate methods, for instance, the density-
functional method, are overly time consuming and there-
fore can bardly be effectively applied for a treatment of
random systems, although they have been applied'!'? for
the investigations of ordered layered systems.

The methods with substantial potential for study of
complex, spatially nonhomogeneous systems are related
to the Hubbard or Anderson models. They are well
known to be rather flexible and result in a physically
reasonable description of the magnetic properties. Al-
though these models are too complicated to be solved ac-
curately, some quite reliable approximations were formu-
lated within these frameworks. (As an example of appli-
cation of the Hubbard model to investigation of steplike
surfaces see Ref. 13.)

It is worthwhile to note here that there is a number of
the model modifications and methods of their approxi-
mate investigation. However, we dare to state that such
a “pluralism” in the description of complicated
phenomenon is quite appropriate to the diversity of the
systems under consideration. Of course, all the models
and methods of their solution have to be gauged with
some rather comprehensive hierarchy of test calculations.
These calculations give close but different results for
different models. A reasonable theoretical understanding
of a phenomenon can be obtained via “voting” by
different approaches. We suggest that a model which can
be used for our purpose has not necessarily to be a formal
consequence of an ab initio theory obtained with some
elaborate formal mathematics. Preferable for us is a
model which, being physically meaningful, has been prov-
en in a set of simple situations.

In this paper we deal with random interfaces and de-
velop an algorithm for self-consistent investigation of the
magnetic order within the framework of the periodic An-
derson model. The method we use here comprises two
key algorithms. They are the random modeling of the ep-
itaxial growth process and the iterative solution of the
self-consistent system of equations for the occupation of
both the spin-polarized states for the atoms at each site.
The former routine is described in Sec. II; the latter algo-
rithm is reviewed in Sec. II1.

HO. THE EPITAXY ALGORITHM

The random modeling of the epitaxy of Fe and Cr
atoms on the surface of a vicinal substrate is performed
by the EPITAXY algorithm. This algorithm keeps track of
the descent of atoms dropped randomly onto the square
top of an initially empty prism orthogonal to the (0,0,1)
surface of the bee lattice. [In the bulk the lattice con-
stants @ of Fe and Cr almost coincide (ag =2.87 A;
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@, =2.88 A) and hence one may assume that there is no
substantial reconstruction of the lattice at the interface.]
In the course of the EPITAXY algorithm performance the
prism is gradually filled with atoms. The base of this
prism in our calculation comprises 8 X 8 elementary cells;
its height is 18 levels. Outside the prism we periodically
repeat its structure.

The lowest level of the prism is initially uniformly
covered by Fe atoms. Then, 6 X64 Fe atoms are dropped
upon the top of the prism. An atom commences its
“coasting” from a randomly chosen site at the top. At
each step there are four possible positions for the atom at
the next level underneath (see Fig. 1). The algorithm
chooses the next site using a random routine (with equal
probabilities) from the sites which are not filled by atoms
nested previously. We consider two different conditions
for terminating this atom motion and thus fixing its posi-
tion in the lattice.

(A) The atom coasts along until all of the four possible
next positions are blocked.

(B) If some of the four positions are blocked, the atom

e &6 6 & & o o o
Yoo0oo0o0o0od
© o6 0 0 0 0 0 0o
O 0O 00O 0 OO
® &6 & & & o o o
© 0O 00 0 OO
® & 6 o o o o o
o © O 0 O
® o o ®e & o o
o o O 0 O
® 6 6 & o6 o o o
O 0O 00 O O O
® 6 6 & 6 o o o

H O 0O 0 0 0O Q

FIG. 1. This snapshot depicts the prism (view from the top)
we are dealing with by the EPITAXY algorithm. The solid circles
represent the atoms on the level achieved by the atom in the
course of its coasting; the empty circles show the positions of
the atoms on the level beneath that level. The four possible
paths of the atom sliding are shown for the atom inside the
prism by the solid arrows and for the atom at the corner of the
square area by the dotted arrows. The dotted arrows reflect the
periodical recurrence conditions imposed on the configuration.
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may either continue its descent with probabilities p;
through each empty site, or it may stop at a particular
site with the probability 1—3;p;. The quantities p; have
been taken to depend on the amount of blocked paths.

(i) If three (of the possible four) paths are blocked, the
atom either moves to the vacant position with a probabil-
ity of %, or is stopped with the probability 3.

(ii) If there are two open paths, the atom either is
stopped with the probability 4, or moves to either of the
open positions (each with a probability 1).

(iii) If there is only one blocked position, the atom inev-
itably continues its descent with equal probabilities equal
to +.

Algorithm B produces a rougher interface than algo-
rithm A (see below). If the values of probabilities p; used
are less than above, the densities of the interfaces ob-
tained appear to be unrealistically small.

All the Fe atoms for definiteness are assumed to be
spin polarized upward.

After the whole set of Fe atoms is inducted a variable
number (determined by the coverage parameter &) of
chromium atoms is added and their descent determined
using either of the above algorithms. In the Cr case it is
more convenient to assume that both the spin polariza-
tions are available for these atoms with the probabilities
0.5. It is to be noted here that the final spin polarization
of the Fe atoms is quite robust in our study since they
strongly prefer to keep ferromagnetic ordering among
themselves and the self-consistent solution permanently
reproduces this fact. The polarization of the Cr atoms at
the interface is more fragile, although, generally,* they
exhibit antiferromagnetic coupling with respect to the
surrounding Fe atoms. Note, however, that for a random
interface some of the Cr atoms fail to follow this rule,
which causes frustration of their spin polarization. In
some configurations of the atoms at the interface, the
solution of the self-consistent equations is not always
unique. Usually the energies related to these solutions
are close so that metastable-configuration solutions also
have to be taken into account for description of real sam-
ples. (The fact that the solution of a self-consistent prob-
lem is not unique is not an artifact of our model, since
this phenomenon was revealed in Refs. 13, 15, and 16 as
well.) We believe that, taking the initial spin polarization
of the Cr atoms by chance, we can somewhat address this
very complicated phenomenon.

After the EPITAXY routine has been performed each
site inside the prism is either filled by Fe or Cr atoms, or
is empty. The parameters and the initial magnetic mo-
ments of the atoms are assumed to be equal to their bulk
values. The final values of the magnetic moments and
electron occupation numbers are then calculated using
the self-consistent procedure described in the next sec-
tion.

As was mentioned above, algorithm B will produce
more irregular interfaces than the algorithm A. (For in-
stance, within the A case one obtains the nonporous in-
terface.) We believe that in real interfaces the Cr atoms
may penetrate into the Fe layers causing suppression of
the magnetic moments of neighboring Fe atoms. (This
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statement is sustained by analysis of the total energy of
the system calculated within the approach developed pre-
viously.'” We do not intend to present the detailed re-
sults here, for the sake of brevity; however, the main con-
clusion obtained can be formulated as follows:
configurations with strong Cr-Fe intermixing are prefer-
able.) Therefore comparison of the results obtained using
A and B algorithms should provide an insight into the
effect of the interface disorder on the magnetic properties
of the interface.

The procedures described above are not perfect enough
to be considered as more or less unique, and there is a
broad field for improving them to reproduce realistic con-
ditions. It is worthwhile to emphasize that the structure
of an interface depends strongly on the details of the epi-
taxy growth process, which can produce somewhat “ir-
reproducible” results. For instance, by heating of the in-
terface with laser light the surface may be polished. The
same result can be achieved via the epitaxy of atoms with
substantial tangent velocity, or in the presence of inert
gas atoms as well. In the latter case the inert gas atoms
may penetrate into the cavities of the Fe interface and fill
there the sites vacant for Cr atoms. A drastic influence
of the porosity of the Fe substrate on the interface mag-
netic order is clearly demonstrated in the present work
(see Sec. IV). Note that the interface roughness may de-
crease with time, since there are a number of metastable
variants of the interface structure with rather small ener-
gy deviations among them. However, we mention these
variants only tentatively here, trying to show the substan-
tial arbitrariness of our procedure and attach the atten-
tion of experimentalists to the possibility of study of the
influence of the experimental environment on magnetic
order.

III. THE METHOD OF CALCULATION
OF MAGNETIC ORDERING

We assume that the electron spectrum may be de-
scribed within the two-band approximation, i.e., we deal
with the s(p) (itinerant) and d (localized) subsystems.
For the localized d electrons we use Wannier- and for the
itinerant electrons the Bloch-function representations.
The electron system of the d metals is treated within the
framework of the Anderson periodic model.

We commence the description of the model with the
solitary-impurity case and then generalize it for the
present study of the disordered surface alloy. The Hamil-
tonian of the system in the mean-field approximation
reads

— 7t 2t 4 ~
H'Z Eiadiadia+ E EijdiTadja_i_EEkeltacka
ia a;iFj ka

+3 Vel d,tH.c (1)

kia
Here d,-‘:, (d;,) and cla (eyy) refer to the creation (an-
nihilation) operators of d electrons with spin a on atomic
site i and s{p) electrons with quasimomentum k and spin
o, respectively. E;, and E, are the energies of these elec-
trons. The hopping parameters E;; and s-d hybridization
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potential ¥y; are taken to be spin independent.
The equations for the Green function matrix elements
are

? [wsi,j —E;;1G;; "% VixGy,ir =8, » 2)
[0—E,1Gy ; —-§ Ve ,G;:=0, e
[w_Ei]Gi,k_g VieGr =0, 4
[m_Ek]Gk,k’_§ ViiGiw =0 - (5)

This approach implies that the s (p)-d interaction on a
site is large compared to s(p)-d interaction between
different sites. This allows us to construct first the reso-
nant d states which acquire a width due to the s(p)-d
mixing (see Ref. 18). The interaction between different
atoms can then be taken into account.

Equations (2) and (3) may be transformed straightfor-
wardly into the following form for the matrix elements
G, - which account for the d states only:

[m—Ei 2 ij j,‘_ i,i » (6)

where the d—electron energies E; and the hopping integral
¥V, between the localized sites read

v
E,= E,’,+2 —"—E"T : ¢/
l’k k l [ . PP o -y
.’., ”'-l-z o—E, . (8)

Thus E; includes an imaginary part which is determined
by the s-d interaction:
V
k7 k,i
T;=Im _”__. IR S (9
2 —E, 9)
The hopping integral is also renormalized due to this in-
teraction. In the following we take the parameters ¥ and
I' as being independent of site coordinate i.
By iterating Eq. (6), one obtains the following expres-
sion for the d-electron Green function:

G P 5 +__Vi_
LY Cl)"_.Ei 5e VCO_EI'I
Vi
+ ViVscVur | (10
2 E )((0 EI) )

For the diagonal matrix element we obtain
Gi,,~=(CD'_Ei ‘_O‘i)*l ' (11)
where the mass operator ¢; is defined as follows:

ViiVis
= l!] 17 ’1 J’ l]' .- ®
i 2. 2 o—Epw—Ey 0 1P

The summation in Eq (12) proceeds over all transition
paths which commence and finish on a given ith site, but
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do not move to this site otherwise. To make the system
(10)-(12) definite we use the simplest self-consistent con-
dition, which is analogous to the Hartree-Fock approxi-
mation, but may be considered as a semiempirical tool
beyond the framework of this approximation:

Ef=Ey+Un *. (13)

Here n;” % is the number of d electrons with spin —a on
the ith site. The initial energy E,; and the Coulomb in-
tegral U; depend on the type of atoms on the i site. We
consider these parameters as phenomenological ones in
the spirit of the Fermi-liquid theory. An analogous mod-
el was exploited to describe magnetic properties of bulk
metals with half-filled d bands and of thin films of these
metals.’>? That approach corresponds to inclusion of
electron transitions between neighboring sites in the first
order of perturbation theory. As an initial approxima-
tion, the density of states for a single impurity was used.
However, this approach does not permit consideration of
complex, nonhomogeneous states, such as clusters of
various atoms near the sample surface. Therefore we
have used another method, for which it is possible to cal-
culate the mass operator taking into account d-d transi-
tions inside a given number of coordinate spheres.?!

To calculate the mass function o, let us take a certain
set of atoms JM;, associated with the ith site, and consider
only the transitions through the atoms of this set. Then

0;= 23 Vi;Sii» (14)
JEM,
where S, ; is the contribution from all the paths that start

from the ith site and finish at the jth site. We determine
the matrix S, ; with the following set of equations:

(0—E})S;;=V,,+ 3 V.S - (15)

! EJﬂ

It is the gist of our approximation that we have restricted
the sum only to the intermediate sites which belong to the
set M; associated with the ith site.

This method was previously applied?! to study magnet-
ic ordering in homogeneous bulk metals with the expand-
ed series of sets /M starting at the first coordination
sphere and going up to include the seventh coordination
sphere. The results obtained suggest that inclusion of
only the first coordination sphere provides a quite good
approximation and at present we restrict the set #; t o
the first coordination sphere of the site under considera-
tion. In the case of a bce lattice one obtains for the o,
the expression

o _8V2

‘' w—E®
We have implied in Eq. (16) that the energies Ef do not
depend on the site i, as is assumed universally for ferro-
and paramagnetic order in a homogeneous sample.

The d-electron state occupation numbers are deter-
mined with the expression

(16)

a1 Az
n ”_fda)fr(a))ImG,- (@—i0) , (17)
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where f(®) is the conventional Fermi-Dirac function (in
what follows we assume the temperature 7" to be equal to
zero).

The set of Eqgs. (11)—(17) allows us to calculate the

quantities n and Ef self-consistently.

Thus the system within the present model may be de-
scribed with the following phenomenological parameters:
the energy E,, the Coulomb integral U, the hopping in-
tegral ¥, which we assume to be nonzero only for nearest
neighbors, and the level width I'. Usually it is more con-
venient to use dimensionless variables x; =(Ey; —€r)/T,
y;=U; /T, and V/I'. In this case all the energies are ex-
pressed in units of T.

We assume that the magnitudes of the parameters x;,
¥:» and V /T have been determined from calculations of
properties of the homogeneous sample and ¥ /T is taken
to be the same for both the materials. Were more
comprehensive information available regarding the pa-
rameters involved, these restrictions could be easily lifted.

In the present study we have investigated the nature of
the magnetic order in the surface alloy of Fe and Cr
atoms. This implies attributing to each site the values of
the parameters E; and U; and the initial spin occupation
numbers for the corresponding type of atom in the bulk.
While this initial step is performed one has to solve the
set of Egs. (11), (13), and (17), calculating the diagonal
matrix elements of the self-energy matrix of for each i
and spin polarization a:

2
- V
CT,-—

- (19)
jenid o—Ej

(This formula is obtained for the bcc lattice that corre-
sponds to the system under consideration; the summation
proceeds over all the sites inside the first coordination
sphere of the ith site.) With this expression for of one
may represent the diagonal Green functions as a sum of
simple pole terms. Although this involves solving ninth-
degree equations at each site, the algorithm for this is
fairly fast. Since the integrals of Eq. (17) can be evalu-
ated analytically, this method of calculation seems to be
most ergonomic. After the integrals have been calculat-
ed, the set of the self-consistent equations (13) can be
written implicitly at each site for both the spin polariza-
tions. Thus the procedure results in a set of equations for
the unknown spin occupation numbers at each site.

The system obtained is overly complicated for an expli-
cit presentation, but fortunately one may deal with it
quite effectively with a straightforward iterative treat-
ment; namely, the initial values of the spin occupation
numbers are taken to be equal to the corresponding
values for the bulk material. These numbers can then be
recalculated with the system described above and taken
as the occupation numbers for the next step, and so forth
until the spin occupation numbers cease to change.

The procedure is quite stable, although it is impossible
to guarantee the uniqueness of the solution obtained.
One has to calculate the magnitude of the energy (or free
energy for the finite-temperature case) for each
configuration obtained and choose the lowest-energy
configuration. (It has to be noted that the corresponding
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energies deviate only slightly and consequently a few
solutions may appear physically meaningful as metastable
states.) We postpone discussion of this problem for a
forthcoming publication. However, it is obvious that
such an investigation requires much more powerful com-
puter facilities than we presently have at our disposal.

One more procedure in our program fits the Fermi en-
ergy, which fixes the total number of electrons in
correspondence with the density of the added Cr atoms.
The fitting procedure is straightforward and requires re-
petition of the algorithm described above a few times
with different values of the Fermi energy. This procedure
is also quite stable, but it increases the run time
significantly. Of course, fitting of the Fermi energy is
reasonable only if the number of Fe layers is quite small;
otherwise the value of the Fermi energy is fixed to be
equal to its value in the bulk.

This brief description of the present scheme exhausts
the strategy of the calculations. Some preliminary stud-
ies were performed for tuning the routine; namely, a
series of calculations was accomplished for some special
configurations of the Fe-Cr atoms on the surface, which
had been studied previously”’ 16 by a quite different
method. These results deserve a separate discussion else-
where; here we only state that for all the configurations
considered a reasonable correspondence between the re-
sults of the different approaches was obtained.

IV. RESULTS OF CALCULATIONS

It was reported previously' that a Cr atom, being em-
bedded in an Fe environment, can significantly change
the local magnetic ordering, substantially damping the
magnetic moments of the surrounding Fe atoms. Conse-
quently, Cr atoms placed deeply into a Cr/Fe interface
may cause a significant decrease of the interface magnetic
moment, as has been observed in Ref. 10.

To scrutinize this hypothesis, we have constructed two
different ensembles representing the Fe-Cr interface. In
the first case all the atoms are sputtered on the initially
filled layer of Fe with the A variant of the EPITAXY algo-
rithmm. The interfaces obtained are not regular, but do
not contain any empty sites inside the interface.

In the second series the interfaces are much more rum-
pled. First, 6 X64 Fe atoms are nested onto the initial,
completely filled, Fe layer with the B variant of the
EPITAXY algorithm. This procedure results in quite
“shaggy” patterns which usually contain sharp apices,
gorges, hollows, and even caves. After the Fe part of the
interface is formed, the number of Cr atoms fixed by the
coverage parameter  is thrown upon the top of the
prism, while their descent is treated within the A variant
of the EPITAXY algorithm.

Analyzing the Figs. 2(a), one may infer that the struc-
tures of the Fe surfaces, obtained within the B algorithm,
are porous and only the lowest 18th level, which is com-
pletely filled ad hoc, terminates the invasion of the empty
states into the Fe bulk. This makes the present variant of
the epitaxy modeling less realistic, but it hardly spoils the
results obtained. This variant of the procedure allows
also Cr atoms to penetrate deep into the shaggy Fe pat-
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tern, in qualitative correspondence with exponential law.
As a result, the cavities in the Fe surface appear to be
partly filled with Cr atoms (especially the cavities which
are close to the interface) and the interface becomes
smoother. This provides the condition for the mecha-
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nism exposed above to be operative.
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Definitely, our method of epitaxial interface modeling
is not unique. However, we do suggest that it is the most
natural algorithm giving rise to strongly intermixed sur-
face alloys and its elevation for detailed modeling of such
alloys requires much more detailed information on the
epitaxial growth mechanism.
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FIG. 2. This set of figures expose the principal results of our calculations. The dependences of the averaged amounts of atoms
(N} of different types (a) and the averaged magnetic moment of the layers (b) in dependence on the number of layers are presented
for different values of the coverage number §. In (a) the circles and solid lines correspond to the Fe atoms, the triangles linked with
the dotted lines stand for the Cr atoms, and the boxes linked with the dash-dotted lines represent the empty sites. In (b} the solid cir-
cles linked with the solid lines represent the magnetic moments and the triangles linked with the dotted lines give the dispersion
8=({m?)—{m)")'"? of the magnetic moments. The empty symbols depict the results obtained within the A variant of the EPITAXY
algorithm while the solid symbols give the results within the mixed variant of this algorithm.
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Let us consider the results obtained. In Fig. 3 the mag-
netic moment of the layer (per one atom) in dependence
on the number of the level is represented for a few
different values of the coverage parameter {. These
curves correspond to the simplest uniform coverage of
the interface and therefore such a construction is avail-
able only for integer values of the parameter . They
clearly demonstrate the essential features of this ideal sys-
tem.

(i) If the Fe surface is not covered by Cr, the magnetic
moments of the surface Fe atoms are slightly greater than

<M> (ua)

level

<N>
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they are in the bulk. This phenomenon was discussed
previously within the present model'* and within the
density-functional approach.”? The moment increase ob-
tained within the present framework is smaller than that
given in Ref. 22, although, if the parameters of the Fe d
subsystem in the bulk are slightly changed, we can repro-
duce the results obtained with the density-functional
method. By the way, a slight change of the parameters of
the model (the first suspect is the hopping parameter V)
for the surface atoms may be caused by some reconstruc-
tion of the surface.

'<M> ()
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<M> (us)

i1 13 16 17

level

FIG. 2. (Continued).
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FIG. 3. The magnetic moments per one site in the layer in
dependence on the level number are depicted for the case of the
regular structure of the interface. The circles correspond with
the vicinal Fe surface; the triangles show the result for the Cr
monolayer coverage onto this Fe surface; squares and diamonds
depict the results for two and three monolayers of Cr on the Fe
surface.

(ii) The first layer of Cr atoms is ordered antiferromag-
netically with respect to the Fe bulk. This result seems to
be universally obtained theoretically,!>!* and experimen-
tally.1%®

(iii) The Cr coverage reveals antiferromagnetic order-
ing. With the coverage parameter § increase, the magni-
tude of oscillation sweeps decreases inward in the newly
formed Cr “bulk.”

The dependences of the average magnetic moments on
the interface level number for randomly created inter-
faces are depicted in Figs. 2(b). The most impressive re-
sult in these figures is the drastic difference between the
two interfaces considered. The first algorithm provides a
more regular interface, in which there are no holes and
the Fe-Cr intermixing is localized in well-defined regions.
In this case the average magnetic ordering resembles
pretty much (even quantitatively) the pictures (Fig. 3) ob-
tained for the most regular, homogeneous structures. In
both cases the prominent antiferromagnetic ordering in
the Cr coverage and the antiferromagnetic orientation of
the first Cr layer with respect to the Fe bulk are clearly
exposed.

Nothing of this can be seen in Figs. 2(b) for the mixed
A and B algorithm. In the case of “shaggy” epitaxial in-
terfaces the magnetic ordering of the interface is fer-
romagnetic on average. One may say that the Fe fer-
romagnetic order frustrates the freedom of the Cr mag-
netic moments. This is due to strong absorption of the
Cr atoms by the rather porous Fe interface, which works
as a blotting paper. Only a few Cr atoms appear to be
free of the influence of the Fe environment and they fail
to organize themselves, segregating their community
from the ferromagnetic bulk. Of course, this occurs be-
cause our random procedure leads to an extremely
porous construction of the Fe subsystem, in which the
concentration of empty sites does not decrease inward in
the Fe bulk.

Actually, one may assume that the holes in the Fe bulk
would be saturated by some amount of Cr atoms and

¢

FIG. 4. The magnetic moments of the sample per one surface
cell in dependence on the coverage parameter £ are plotted for
both the series considered. The circles and solid line corre-
spond to the more regular (A} interfaces, while triangles and the
dotted line represent the result of calculations for the “shaggy”
interface. For comparison, with the squares and the dash-
dotted line we give the results of the calculations for regular
coverage.

then these atoms commence nesting onto the surface of
the already smooth Fe/Cr interface. As a result, for
small values of the coverage parameter { the magnetic or-
der of the interface follows the behavior presented in Fig.
3, while after the holes in the Fe bulk are saturated one
may assume the transformation of the magnetic ordering
pattern toward the antiferromagnetic ordering of the Cr
cover.,

It is instructive to follow the dependence of the mean
square  deviation of the magnetic —moment
8={(m?—{(m)?)'/2) in the different levels on the type
of EPITAXY algorithm. However, one should not overes-
timate the physical meaning of this quantity, since it is
overly average to represent the degree of randomness of
the magnetic ordering in the interface. Actually, this
randomness can be described with the correlation func-
tions of the moments in the different layers, etc. Never-
theless, the quantity & clearly demonstrates to what ex-
tent the randomness can influence the magnetic ordering
and demonstrates the regions in which the disorder
influence substantially reveals itself. However, we sug-
gest that the total magnetic moment of the sample is the
only physical quantity which can be measured reason-
ably. We are quite pessimistic regarding the possibility of
accurate experimental probing of the average magnetic-
moment dependence on the level number.

The magnetic moments of the sample in dependence on
the coverage parameter £ are plotted on Fig. 4 for both
the series considered. The circles and solid line corre-
spond to the more regular (A) interfaces, while triangles
and the dotted line represent the result of calculations for
the “shaggy” interface. For comparison, with the
squares and the dash-dotted line we give the results of the
calculations for the regular coverage. The results for
these ‘“shaggy” interface are in qualitative agreement
with experiment.'®
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V. RESUME

The EPITAXY routine which allows one to simulate the
properties of the Fe-Cr interfaces is developed. The algo-
rithm works in two variants. One of them provides more
regular structures while the second algorithm generates
quite irregular interfaces. For sets of the interfaces, con-
structed with the EPITAXY algorithm for different values
of the coverage parameter { and consisting of 30
configurations, self-consistent calculations of the magnet-
ic properties of the systems are performed. This allows
us to obtain the average physical quantities of the inter-
face in dependence on § with reasonable accuracy.

It is shown that partial coverage of the Fe vicinal sur-
face by chromium causes a decrease in the average mag-
netic moment of the interface. This is due to penetration
of the Cr atoms into the interface, which results in a de-
crease of the magnetic moments of the neighboring Fe
atoms. In addition Cr atoms couple antiferromagnetical-
ly to the neighboring Fe atoms. A substantial role of the
surface roughness in smoothing out the coverage-
dependent average magnetic-moment oscillations is re-
vealed.

The present method of study of the magnetic proper-
ties of rough interfaces seems to be a quite useful investi-
gation tool due to its universality and the relative simpli-
city of the calculations. For simpler systems the method
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gives results in good agreement with other well-
established schemes such as the Hubbard model?® and the
density-functional method.?? However, our approach
makes it possible to describe much more complex sys-
tems, which cannot be investigated within the traditional
Hubbard model and within ab initio theories. We restrict
ourselves to accounting for the d-d interaction only inside
the nearest-neighboring sphere, although, as was evi-
denced by our previous calculations,?! this does not sub-
stantially influence the results obtained.

We would like to note that our results are in good qual-
itative agreement with the available experimental data,
bearing in mind that the different experimental methods
of investigation give rather deviating results. This is very
natural, since the systems under investigation, as well as
the methods of their experimental study, are rather sub-
tle. Therefore one has to wait until the final judgment on
the correspondence between the present theory and ex-
periment may be formulated in more definite terms.
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