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Interfacial alloying and interfacial coupling in Cr/Fe (001)
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The magnetic order of Cr layers on(B81) is studied taking into account interfacial alloying and possible
interdiffusion. The interfacial alloy is modeled by either a one-monolayer or a two-monolayer ordered com-
pound whose concentration is varied. The spin-polarized electronic structure is determined self-consistently by
solving ad-band tight-binding Hamiltonian. We determine the concentration for which the phase of the
layer-by-layer antiferromagnetic structure of Cr changes in the Cr film 600Ee We find that in the case of
two interfacial mixed layers, a phase shift occurs at a Cr concentration between 33% and 50% when three
monolayergML) of Cr are deposited. The occurrence of thiphase shift changes to a concentration between
11% and 25% for a more important coverage ofi@xmely 11 ML. When only one mixed layer is considered,
the phase of the antiferromagnetic stacking of Cr changes at a concentration between 25% and 33% for 3 ML
of Cr and between 33% and 50% for 11 ML of Cr. A simulation of the variation of the magnetization during
Cr growth shows that the more Cr and Fe are interdiffused at the interface, the more important is the decrease
of the magnetization. We compare our results to the many experimental data available.
[S0163-18297)10234-X

I. INTRODUCTION More recently, other evidence for alloying at the Cr/
Fe001) interface was found by Daviest al® and Pfand-

The exchange coupling between Fe layers through a Czelter et al1° By means of scanning electron microscopy
spacer has been widely studied since the discovery of it6sSTM), Davieset al. measured the concentration of Cr on the
oscillating behavior as a function of the Cr thickness. Even ifsurface layer during its growth. They showed that after the
the origin of the oscillation is now well understood, and ex-deposition of 1 ML of Cr, there only remains 10% of Cr on
plained in connection with the Fermi surface topolddy, the surface layer, indicating that most of the Cr atoms have
some discrepancies remain between experimental observpenetrated into the Fe substrate. Furthermore, it is only after
tions and theoretical results. For instance, even though thine deposition of 2—3 ML of Cr that the surface layer con-
two-monolayer (ML) period of the oscillation observed tains more Cr than Fe. The same trend was found by Pfand-
experimentally is in accordance with numerous calcula- zelter et all® by means of proton- and electron-induced
tions, its phase is exactly opposite to that theoreticallyAuger-electron spectroscopy. The Cr concentration profile
predictec®® for an odd number of Cr layers, an antiferro- they measured is, from the surface layer to the bulk: 45%,
magnetic(AFM) coupling is observed whereas calculations55%, and 0% for 1 ML of Cr deposited, and 70%, 100%, and
predict a ferromagnetitFM) coupling, and inversely for an 30% for 2 ML of Cr deposited. These results are different
even number of Cr layers. The same phase shift is observetbm those of Venugt al.” who show a gradual decrease of
by Unguriset al2 in the layered antiferromagnetic structure the Cr concentration from the surface to the bulk.
of Cr on F€001): due to the strong antiferromagnetic inter-  More quantitative studies were made by Bayreuther and
facial coupling between Fe and Cr and the layered antiferroeo-workers: they measured with an alternating gradient mag-
magnetic structure of Cr, one expects for an efresp. odd  netometer(AGM) the variation of the total magnetization
number of Cr layers deposited on(B61) the magnetic mo- during the growth of Cr on K801) substrates with different
ments of the Cr overlayer to be posititesp. negative The  degrees of roughness. With a flat Fe surface, they observed a
experimental results show just the opposite. This discrepancstrong decrease in the magnetization of approximatgly 5
can be accounted for by the abrupt interface considered iper interface atoni: However, such a big decrease has not
theoretical studies. In experiments, such perfect interfaces deeen reproduced until now. The more important the rough-
not exist due to roughness or interdiffusion. In particular,ness is, the smaller the decrease in the magnetizatittis:
Venus and Heinrich have recently shown by angular re- on a highly stepped F@01) substrate, no variation at all of
solved Auger electron studig®RAES) the existence of a the total magnetization occurs during the Cr growth.
strong interdiffusion of Cr atoms at the Cr(B81) interface: In order to understand the experimental results, we study
at a growth temperature of 246 °C the Cr atoms penetratthe magnetism of thin Cr layers deposited on a semi-infinite
into the second atomic layécounting from the surfageand  Feg(001) substrate with either a two-monolayer or a one-
the concentration of Cr is found to decrease from the surfacenonolayer ordered alloy at the interface to simulate interdif-
to the substrate. On the other hand, no interdiffusion is prefusion. Interface alloying is expected to have an important
dicted at the Fe/@001) interface® Heinrich et al. thus sug- influence on the magnetic structure of the deposited film, as
gest that the phase shift observed in the oscillating exchandeas already been shown theoretically for Rh and Ru on
coupling in Fe/Cr/F&01) systems is the result of interface Ag(001) by Tureket all* In their study, they considered a
alloying at the Cr/F&01) interface. completly disordered alloy. Here, we calculate the magnetic
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such an interface could reproduce very well the strong de-

crease observed by Turtur and Bayreuthdrere, we con-
sider a more general situation by introducing mixed Fe-Cr
layers at the interface with different concentration and per-
forming a systematical study. We also make a simulation of
x=0 x=1/4 the variation of the total magnetization during Cr growth for
x=1/9 various concentrations in case |.

In the following of the paper, we present in Sec. Il the
formalism used to compute the magnetic order. Then, in Sec.
Il we report the results obtained with two interfacial mixed

D layers(case J and with one interfacial mixed layécase I).
Il. FORMALISM

x=1/2 The magnetic moments are calculated self-consistently by

x=1/3 x =213 solving ad-band tight-binding Hamiltonian, and by means of
the real-space recursive method. Only collinear magnetic or-
ders are assumed. The advantage of the recursive method is
that it does not require a symmetry in the direction perpen-
dicular to the layers and enables thus to study systems with a
low degree of symmetry.

x =3/4 x=1 In the basis of atomic orbitalimo) (i stands for the

x =8/9 atomic site,m for the orbital symmetry, and= +1 for the

. . o ) ] spin), the Hamiltonian is given by
FIG. 1. Unit cells within the first interface mixed lay@ounting

from the Fe substrate The white circles represent Cr atoms, the

black ones Fe atoms. The unit cells of the second mixed layer is H= 2 [imo)(i'm' o’ | 8,4/ Sii' St € ym
obtained by exchanging Fe and Cr atoms. i’'mm oo’

- 1
structure as a function of the concentration of an interfacial +t(1— 5“,)]+_2 - EaIiMi|ima>(ima|. 1)
ordered alloy in the following situations: imo

The first term ofH is the band terme;,,,, is the center of the
mo band on the siteandt;’} , the intersite spin-independent
Cr,/Cr,Fe,_,/Fe00]) (case ), hopping integrals. The second term ldf is the exchange
term which accounts for magnetist. is the effective ex-
change integral and/l; the local magnetic moment on the
sitei. The parameterér,”m, andl; were chosen to reproduce

The coverage of Cr is varied from=0 to 2 ML. In some  ab initio calculations with the FLAPW(full potential aug-

cases, the calculation is made upnte 10 ML. The symme- mented plane wavgsnethod. They have already been used

try of the unit cell within the mixed interface layers is shown satisfactorily in previous studi€s?®

on Fig. 1 for the different concentrations considered. This Self-consistency is obtained by requiring that the band

unit cell is repeated by translation within the layer. occupation on each site is equal to the bulk vaiife(local
The aim of our study is to discuss the magnetic structureneutrality approximation and that the exchange splitting

of the Cr film as a function of the alloy concentrationand € —¢;" is equal tol;M; :

to determine for which concentration the experimentally ob-

Cr,/Cr_,Fe /CrFe _,/Fg001) (case},

with x=0,5,7,5,3,5.53.5,1.

served phase in the layer-by-layer AFM structure of Cr can N;"+N; =N?, i)
be obtained. The case of two interfacial mixed layeese )
corresponds to an integer number of Cr layers deposited, e —& =1;M;=1;(N;"—N;). 3

namely (1+1), and can thus easily be compared to experi-
mental results. The situation is different with one interfacial The energy levelg; ande are thus determined so that
mixed layer(case l): asx increases, the quantity of Cr de- both equations are verified: Equatio{® and(3) are solved
posited varies froom monolayers(for x=0) up to (h+1) for a given sitei, keeping the energy levels of all other sites
monolayergfor x=1). fixed, and this process is repeated for all sites until the self-
D. Stoeffleret all® already have considered the border-consistency relations are satisfied. The band occupation is
line casex=1 in situation I. Such a case corresponds to theobtained by integration of the density of states up to the
exchange of a complete monolayer of Cr and Fe at the intef~ermi level. The density of states is calculated by means of
face. It was shown that such an exchange induces a pha#ge real-space recursive method with eight levels of the con-
shift in the AFM stacking of Cr: For an even number of Cr tinuous fraction and using the Beer-Pettifor terminator.
layers deposited the surface layer displays positive magnetic The calculation of the magnetic moments is self-
moments, as experimentally observed. The simulation of theonsistently made on all inequivalent atoms of the Cr film,
variation of the total magnetization during Cr growth with on all inequivalent atoms of the mixed layers, and on the Fe
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atoms on 10 layers below the interface. The moments of thén the two metastable solutions, the Cr overlayer displays a
rest of the semi-infinite Fe substrate are frozen to the bullc(2X2) magnetic order, which induces frustations with the
value. Fe atoms of the layer right below. Again, the origin of the
The results are then discussed in term of the relative endnstability of these solutions can be attributed to the local-
ergy between the different magnetic solutions obtained for &ation at the surface of the frustrations. _
given atomic configuration. The absence of repulsive term in  With two pure Cr layergn=2, Fig. Zc)], we find the two
the Hamiltonian can be justified by considering it indepen-Possible layer-by-layer antiferromagnetic structure of the
dent of the magnetism. Its contribution to the total energyPure Cr film. In the ground state, no Cr pair is frustated as
thus disappears when calculating the relative energy betweé;ﬁe Cr atoms are antiferromagnetically coupled from one
the different solutions. Energy calculations with such aP'@ne to the other. The only frustrations are between the Fe
model has already proven to be satisfactory in a previou nd the Cr atoms of the two mixed layers. The surface layer

- : : isplays positive magnetic moments. On the other hand, in
StUdY of the Fe/Cr interlayer magnetic gouplrﬁg.. . the metastable solution, there are more frustrations: between
It is also to be noted that our study will only give a quali-

the Cr atoms of the first pure Cr layer and their Fe neighbors,

Fative upderstaqding of the effect of interdiffusion since theand between the Cr atoms of the lower and the upper mixed
interfacial alloy is approximated by an ordered compound. A

; : yers. In this case, the surface layer displays negative mag-
more precise treatment of the_ alloy Would_ require the use Oﬁetic moments, meaning that the phase of the AFM stacking
the coherent potential approximati¢@PA) in the model.

of the pure Cr film is opposed to that of the ground state
situation.
. RESULTS Figure 3 shows the results concerning the phase of the
antiferromagnetic stacking of Cr as a function of the alloy
&oncentration with 3 ML and 11 ML of Cr deposited£2
ndn=10). As previously said, the phase of the stacking can
e charaterized by the sign of the magnetic moments on the
obtained by choosing a different initial magnetic configura-Surface layer. ACCOfd'”g'Y’ Fig. 3 shows the average value.of
gwe surface layer magnetic moments as a function of the in-

tion in the self-consistent process. On the other hand, tht tcial all tration. A clear trend b ticed:
number of configurations obtained with two pure Cr layers. €acial alioy concentratior. A ciear trend can be noticed.

(n=2) or more reduces to one or two, whatever the value O}N.'thj Mhl‘ of Qr, neglﬁtlvtehsurfla;;e ?ger moments are (I)b-
X is. In that case, the solutions always present one of the t\NBat;?e. ‘g’ e.?r)]( IS srrf1a te.r t ind' - 1he tsarc?:‘f S'.g';l 'é also
possible antiferromagnetic layer-by-layer structure for thePP a!N€d with a periect interiacee., no Interdifiusion Ln

pure Cr film. In the following, first the case with two mixed fgfgé)rtr;)?rezizijiopf/sétl\tlﬁamg%egg/ wﬁegaaa;?:irghrggre cr
layers is discussed, then the case with one mixed layer. P , ,
y y than Fe atoms on the first mixed lay@ounting from the

substratg and more Fe than Cr atoms on the second mixed
A. C1fCr 1 Fe,/CrFe, _/Fe(00D layer. This latter situation displays the phase experimentally
As a example of multiple solutions obtained for a givenobserved in the AFM stacking of Cr. The magnetic structure
value ofx, Fig. 2 shows the solutions fer=1/2 andn=0,1, of Cr on F€001) can thus be accounted for by a partial
and 2. In the presence of the mixed layers, the antiferromagexchange of a monolayer of Cr and Fe at the interface. We
netic coupling between Cr and Fe first neighbors on the onean also see on Fig. 3 that the value of the surface layer
hand, and Cr first neighbors pairs on the other hand cannahagnetization is almost constant as a function of the alloy
always be satisfied and magnetic frustrations are induced. foncentratiorx.
is probably due to such frustrations that a very large number It is to be noted that wher=1/9, that is when the alloy-
of magnetic configurations can be obtained for a given valuéng is very weak and gradual from the Fe substrate to the Cr
of x. film, only one solution could be found. When other configu-
With n=0 [(Fig. 28], in the ground state situation the Cr rations with the other phase in the AFM stacking of Cr were
atoms of the lower mixed layer are frustrated with Fe andntroduced as the initial configuration in the self-consistent
have an almost vanishing magnitude which stabilizes thigrocess, the phase would shift during the calculation, and the
configuration relatively to the second solution obtained. Incalculation would converge to the unigue solution. This ob-
deed, in the second solution, the Cr atoms of the surfaceervation can be related to a result obtained by Sto&tfiér
layer are frustrated with the Fe atoms of the plane belowwhich showed that with a perfect interfacx<=0), no
And as the frustrated Cr atoms are at the surface, they haveustated configuration could be obtained in the AFM stack-
an enhanced magnetic moment. Thus the magnetic frustréng of Cr when the thickness of the film was smaller than 6
tion cost more energy than in the case of small frustrated CKML. This is apparently also the case when the alloying is
atoms below the surface. The magnetic structure at the inteweak and the Cr thickness is small.
face differs a lot when more Cr is added on top as shown in The phase shift in the magnetic structure of Cr between
Figs. 4b) and 4c). x=1/3 andx=1/2 occurs in the following way: Fax=1/3
With one pure Cr monolaydm=1, Fig. 2b)], it is the  the Fe atoms in the first mixed layer, in larger amount than
metastable interfacial configuration obtained witi O that  Cr, impose negative moments on Cr in the second mixed
is displayed in the ground state and the Cr overlayer is ferlayer due to the strong AFM coupling between Fe and Cr.
romagnetic with negative moments. In this situation, theThen, those negative Cr moments impose positive moments
frustrations occur between the Fe atoms and the Cr atoms a@h the pure Cr layer above, inducing thus no phase change in
the lower and upper mixed layers, that is below the surfacethe magnetic structure of the Cr film compared to the case

For a given value ok, the number of magnetic configu-
rations obtained by our self-consistent calculation can b
very important when one or no pure Cr layer is considere
(n=0 orn=1). These different magnetic configurations are
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FIG. 2. Ground state and metastable solutions fr/ Cry,Fe;;»/CryFe;»/Fe(001) with(a) n=0, (b) n=1, and(c) n=2. The energy

indicated is the interfacial energy relative to the ground state. Only the unit cell of each layer is shown, as well as only two layers of the

semi-infinite Fe substrate.
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FIG. 3. Value of the surface layer average magnetic moment as ®Yé$°&@

a function of the concentration when 3 Cr layerdfilled circles

and 11 Cr layergsquarey are deposited and with two interfacial
mixed layers. The lines are guides for the eyes. The sign of the
surface layer magnetic moments characterizes the phase of the an-
tiferromagnetic layer-by-layer structure of Cr.

with a perfect interface. Fox=1/2 [see Fig. 2c)], the Fe
atoms of the second mixed layer impose negative moments
on the first pure Cr layer, inducing thus thephase shift in

the layer-by-layer AFM structure of Cr.

Calculations have also been perfomed with a bigger thick-
ness of Cr, 11 ML, to verify if the Cr magnetic stacking is
not changing as the thickness increases. Surprisingly, we
have obtained that the phase shift occurs for a smaller con-
centrationx compared to the situation with 3 ML of Cr. The
phase shift now occurs betwerr 1/9 andx=1/4 as can be
seen on Fig. 3. In this case, a small interdiffusion is enough
to reverse the magnetization of the layers of the Cr film.

As a consequence, in Fe/Cr(B8)) trilayers, if interdif-
fusion is assumed on both interface in the range of concen-
trationx=1/4, we find that the coupling between Fe layers is
the same as in the case of perfect interfadesromagnetic
for an odd number of Cr layers, and antiferromagnetic for an
even ong as shown on Fig. 4. And if only one interface is
interdiffused, namely the Cr/F@0l) interface as it is as-
sumed by experimentalists, the coupling between the Fe lay-
ers is reversed, and the coupling experimentally observed is
obtained: ferromagnetic for an even number of Cr layers, and
antiferromagnetic for an odd one.

The fact that the phase shift occurs for a smaller concen-
tration with 11 ML of Cr than with 3 ML also means that for
the concentrationg=1/4 andx=1/3 a change occurs in the
magnetic structure of the alloy layers as the Cr coverage
increases. This change far=1/4 occurs at a coverage of 2
to 5 ML of Cr. In this range of coverage, the surface Cr Fe (001) substrate
moments are always negative. The alternating sign of the
surface layer moments as a function of the coverage starts
only after 5 ML of Cr deposited. As a consequence, as Fe
and Cr couple antiferromagnetically, if the surface of Cr has FIG. 4. Ground state for a EECr;,/Fe(001) trilayer with two
negative moments, when covering it with Fe, Fe would theninterdiffused interfaces. Only the unit cell of each layer is shown, as
be ferromagnetically coupled to the lower Fe layer. Such avell as only two layers of the semi-infinite Fe substrate.

i

?g
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centrationx larger than 3/4. As the Fe surface gets rougher,
x=1/4 they find a decrease of the magnetization less impoi‘féﬁt:

] only 1.4ug with an intermediate step density, and even zero
g With a highly stepped surface. Even if the structure of the
interface of their samples is not precisely known, those latter
results would be consistent with alloy concentrationsf
around 2/3-3/4 and 1/4-1/2, respectively. By our electronic
structure calculations we can thus give an estimation of the
chemical structure at the interface of the samples.

B. Cr,/Cr ,Fe,_,/Fe(001)

We have also calculated the magnetic order of Cr films on
Fe001) with only one interfacial mixed layer:
Cr,/Cr,Fe, _,/Fe(001)(case ) with n equal to 0, 1, 2 and
in some cases 10 ML.

5 10 With n=0, that is with a mixed layer on top of the pure
amount of Cr deposited (monolayer) Fe substrate, all Cr moments are antiferromagnetically
coupled to the Fe moments of the substrate and of the mixed

FIG. 5. Simulation of the variation of the total magnetization layer. There is no magnetic frustation in the ground state.
during Cr growth for different interfacial alloy concentrations The values of the surface layer moments are almost constant

as a function ok, especially the Cr ones. The values of the
surface Cr moments are of the order of 3t3B05ug and the
result could explain the ferromagnetic interlayer coupling bevalue of the surface Fe moments are of the order of
tween Fe layers observed up to 4—-5 ML of Cr in the trilayers2.65+ 0.11ug .
Fe/Cr/F¢001).3 With one pure Cr layer added on top of the mixed layer

Figure 5 shows the simulation of the variation of the total(n=1), the ground state changes according to the value of
magnetization during Cr growth with various concentrations First, for x in the range of 8/9 to 2/3 included, the Cr mo-
The model used is presented in the Appendix. Let us recalients of the mixed layer are all always antiferromagnetically
that we have supposed an important non-layer-by-layetoupled to the Fe atoms, and the Cr moments of the pure
growth mode. A trend can be noticed on the figure: in thesurface layer are all positive, that is antiferromagnetically
first stage of the growtlicoverage smaller than 3 MLthe  coupled to the Cr moments of the mixed layer below. The
magnetization decreases whatever the valuex aé. For  number of Fe-Cr first-neighbor bindings being for these con-
larger coverage, the magnetization continues to decrease gpntrations smaller than the number of Cr-Cr first-neighbor
to an asymptotic value whex is larger than 1/2. And the bindings, the layer-by-layer antiferromagnetic structure of Cr
morex is large the more the decrease in the magnetization iprevails on the Fe-Cr antiferromagnetic coupling. As a con-
large: almost g whenx equals 8/9 and 1. The decrease of sequence of the magnetic frustrations between Fe and Cr, the
the magnetization for these concentrations is related to thEe magnetic moments on the mixed layer are reduced and
strong reduction of the Fe moments of the upper mixed layersmaller than Lgz. Whenx is larger or equal to 1/2, the
Indeed, in this range of concentrations, those Fe moments areimber of Fe-Cr first-neighbor bindings is no longer smaller
of the order of g or much less. On the other hand, when than the Cr-Cr ones. A different configuration thus arises for
is smaller or equal to 1/2, the magnetization increases fothe ground state. Except far=1/9, the ground state displays
coverage larger than 3 ML and then stabilizes to an asymthe following features: in the mixed layer, the Cr moments
potic value. The increase is especially important¥arqual  are antiferromagnetically coupled to Fe, as in the previous
to 1/4. This can be explained by the fact tixat 1/4 is the  cases. The difference is in the pure Cr layer, which does not
concentration for which changes occur in the magnetic strucdisplay an in-plane ferromagnetic order anymore: there are
ture within the mixed layers with increasing Cr thickness, asCr moments with different signs within the pure layer, form-
previously mentionned. The consequence is that the magnég complex magnetic configurations. The ground state for
tization increases when the coverage of Cr is larger than =1/9 is particular as the Cr moment of the mixed layer is
ML. It can also be noticed that the curves for2/3 and  positive, that is ferromagnetically coupled to the Fe sub-
x=3/4 on the one hand, and the curvesXer8/9 andx=1 strate, contrary to the configuration found for all other con-
on the other hand tend to the same asympotic values. Thientrations. The pure Cr layer also displays a complex mag-
can be attributed to the fact that for these concentrations, theetic structure with moments of different signs.
values of the average Fe moments of the upper mixed layer With n=2 (two pure Cr layers the situation is more
are almost the same, namely about @g5or bothx=2/3  simple: only solutions corresponding to a layer-by-layer an-
and 3/4, and about 0.5up for both x=238/9 andx=1. tiferromagnetic structure of the pure Cr film could be found.

This simulation can be compared to the experimental reThe phase of the Cr magnetic stacking in the ground state,
sults of Bayreuther and co-workers. During the deposition ofjiven in Fig. 6, shows the variation of the surface layer mag-
Cr on a flat Fe surface, they show a very important decreaseetization as a function of with 2 and 10 pure Cr layers
of the magnetization of approximately.5.1! These data are deposited. With 2 pure Cr layers, we see that the antiferro-
in accordance with our results in the case of an alloy conmagnetic stacking of the Cr film changes whers larger

total magnetization ()

-6
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than 1/4. This is quite surprising because it would have been
expected that the transition occurs rather aroxind/2, that

is to say that the first pure Cr layer would have been ex-
pected to couple antiferromagnetically to the Fe atoms of the
mixed layer as long as the Fe atoms are in majority in the
mixed layer. This is actually not the case as shown in Fig. 7,
which represents the ground state obtainedxferl/4 and
1/3, i.e., the concentrations between which the transition oc-
curs. We see that fax=1/4, the first pure Cr layer is anti-
ferromagnetically coupled to the Fe substrate. On the other
hand, forx=1/3 the first pure Cr layer is coupled ferromag-
netically to Fe, leading to slightly smaller Cr moments on
this layer.

On Fig. 7, one can also see that the value of the magnetic
moments of both Fe and Cr of the mixed layer vary with
For Fe, they are of order of 1.5-1§ whenx=1/3 and 1.9
me Whenx=1/4. For Cr, they are of order of 1.2ug when
x=1/3 and 0.2.g whenx=1/4. This result is in contradic-
tion with the results obtained by Coehodrhby means of
the augmented spherical wav@sSW) method, he computed

FIG. 6. Value of the surface layer average magnetic moment athe magnetic moments in superlattices of the type 5 ML Fe/1

a function of the concentrationwhenn=2 ML (filled circles and

ML Fe,Cr;_,/5 ML Cr/1 ML Fe, _,Cr, with x=0, 1/4, 1/2,

n=10 ML (squares and with one interfacial mixed layer. The lines 3/4, and 7/8, the alloy layer being modeled as an ordered
are guides for the eyes. The sign of the surface layer magnetisompound as well. The value of the moments were found
moments characterizes the phase of the antiferromagnetic |ayef-b)éfpproximately constant whatever the valuexpénd of order

layer structure of Cr.

of 2.0ug for Fe and—0.5ug for Cr.
We have also considered the casesl/3, 1/4, and 1/2
with 10 layers of pure Crr{=10) in order to see if, as in the

surface

Fe (001) substrate

x=1/3

Fe (001) substrate

x=1/4

FIG. 7. Ground state for GfCry;5Fey3/Fe(001) and Gr/CryFe;4/Fe(001). The white circles represent Cr atoms, the grey ones Fe

atoms. A distinction is made between positive and negative Cr magnetic moments by means of the linewidth of the circles. In the case
x=1/3, the vertical scale has been expanded. Only the unit cell of each layer is shown, as well as only two layers of the semi-infinite Fe

substrate.
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previous case with two interfacial mixed layers, the transi- l—l 93

tion occurs for a different concentration when the coverage a) Cr t y )

of Cr increases. It is indeed the case as can be seen on Fig. 6: | : | 2
The antiferromagnetic structure of Cr changes wheis | F 9,
larger than 1/3, that is for a slightly larger value compared to

the case with three monolayers of Cr deposited. Our results
concerning the reversal of the sign of the magnetic moments
in the pure Cr film are in good agreement with those of Fe(001) /
Coehoornt® he found the reversal in the sign of the Cr mag- /d

netic moments in his 5 ML thick pure film for between 0
and 1/4, which is close to our value wfobtained with a 2 b) 1o
ML thick pure Cr film (x between 1/4 and 1)3

e
%
T

IV. CONCLUSION

o
>

We have calculated the magnetic moments of Cr films on
a Fg001) substrate with mixed layers at the interface and
shown how the concentration of these mixed layers affects
the magnetic order of the Cr film. We have shown that in-
terdiffusion could account for experimental results: with two
interfacial mixed layers, the exchange of one quarter of a
monolayer of Fe and Cr is enough to reverse the layer-by-
layer antiferromagnetic structure of a 10 ML thick Cr film. 00 A - !
Which concentration profile accurately describes the Cr amount of Cr deposited (monolayers)
growth on F€00)) is highly dependent on the growth condi-
tions. This is reflected by the various concentration profiles FIG. 8. (a) Macroscopic growth model of Cr on the (©81)
experimentally observed by the different grolp&and by  substrated, is the Cr coverage on theth layer. (b) Cr coverage
the various results obtained by Bayreutfﬂral.ll‘lg Our 0,(t) on the surface as a function of the amount of Cr deposited
simulation of the variation of the magnetization during Cr Znfn(t) (in monolayers The different curves correspond to the
growth can give an estimation of the degree of interfaciafilling of the successive layers.
interdiffusion.
In our calculations, the magnetic order is restricted to a
collinear order. It is highly probable that a noncollinear order n
is more stable, at least near the interface, in order to mini- Qn=_2 M}(Cr,_,/Cr,_Fe/CrFe _,/Fe&001))
mize the effect of the magnetic frustrations induced by the =9
interdiffusion. Unfortunately, calculations of the magnetic n
order with noncollinear moments in nonperfect systems still — > M!(Fe00D),
require too large a computing tinf@. i=-9

coverage 6 _(t)

et
N
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APPENDIX: SIMULATION OF THE VARIATION 0 for t<(n—1)4

OF MAGNETIZATION DURING GROWTH

0,(t)= _ _(n—
The variation of magnetization during Cr growth is simu- (V) 1-cogm(at—(n—1)9)]
lated using a simple macroscopic model of growth. At time 2
the variation of magnetizatioll(t) is given by

otherwise.

When 6,(t) is equal to 0, no Cr is present on laygrand
when 6,,(t) is equal to 1, thenth layer is complete. In our
theoretical study, the notion of time is arbitrary. A more
relevant quantity which is equivalent to the time is the
wheren is the index of the Cr layers deposite),(t) is the  amount of matter deposited. It is defined3s9,(t). In the
Cr coverage on thath layer at timet [see Fig. 8)]. Q,is  model, the only parameters to choose &rand «. The pa-
the difference of magnetization betweerrCr layers depos- rameter$ is the “time” between the beginning of two suc-
ited on F€001) (with two mixed layers at the interfacand  cessive layers. Whed# is 1, a layer starts once the previous
the pure F&01) surface: one is complete, corresponding thus to a perfect layer-by-

M<t>=n§l Qn(0() — b1 1(1)),
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layer growth. Whery is inferior to 1, the growth mode cor-

responds to the formation of islands. In our simulation, in-

stead of settings, we set an equivalent quantity,(J),

INTERFACIAL ALLOYING AND INTERFACIAL ...
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the second layer starts. We choogg(5)=0.06 and
a=0.06. Figure &) shows the behavior of,(t) in the

simulation. With the parameters chosen, the seventh layer

which is the amount of Cr deposited on the first layer whenstarts when the first one is completed.
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