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The electronic and magnetic properties of the Fe/Cr/Fe systems are studied within the fully relativistic
spin-polarized screened Korringa-Kohn-Rostoker method by performing calculations for varying spacer thick-
ness. The obtained interlayer exchange coupling shav2 ML period as well as phase slips due to the
spin-density wavgéSDW). In agreement with experimental findings we are able to prove that Mn impurities
destroy the spin-density wave, whereby a statistically disordered Cr-Mn alloy spacer exhibits substantially
larger effects than an atomic Mn layer separating the Cr spacer from the Fe leads. Using for such a layer V
instead of Mn the SDW survives, but leads to a phase shift. The 2 ML period remains if an in-between layer
of Mn or V is considered, whereas in the case of alloy formation in the spacer a superposition of different
periods occurs. Further effort has been devoted to investigate the transport properties of the Fe/Cr/Fe sand-
wiches in the current perpendicular to the plane geometry in order to examine possible differences in the giant
magnetoresistance due to the above-mentioned changes in the interlayer exchange coupling. From the present
investigations we are able to show that the changes in the magnetic coupling, e.g., periods of oscillations or
shifts, can directly be observed in the giant magnetoresistance.
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[. INTRODUCTION spacer layers and to ferromagneteM) coupling for odd
numbers, whereby the sequence of order is reversed in the
The resistance of two magnetic layers that are separatgetesence of interface alloyirt§:?? This short period can only
by a nonmagnetic material is extremely sensitive to the magbe observed for substrate temperatures higher than room
netic configuration of the magnets, whereby the resistance i€mperatur€’ and under special experimental conditidfs.
usually strongly decreased by applying an electric fiefd. Nearly independent from the growth technique or tempera-
Today, the giant magnetoresistar@MR) effect is already turé a second, much larger period with 10-12 ML of Cr
technologically used in reading media, e.g., recording head@XIsts in Fe/Cr systems. Due to the spin-density WaRW)
and magnetic sensorGee the review of Maekawa and of Cr,”" phase slips occur every 20 ML, whereby the first one

‘s . : : t 24 ML of Cr. It has been shown that the long period
Shinjo* and references therginQuite some theoretical and °¢CU’s @ : :
experimental effort has been undertaken during the last ong also_ be observed in the GMR GfOO)-orle_nteq Fe_/ Cr
perlattices at least at room temperafdré which implies

and a haI_f decade_s tq uanrYStand this effect a.”d s reIevané&direct connection of the GMR and the IEC. To our knowl-
for technical applications?~’ Most frequently it was sug-

gesed hat e G ity relte 10 the neriyer ox 4057075210 o the short perod s ye been found
change couplinglEC).> As the IEC depends on the consti- gt <23 ’
tution of the specimen, e.g., substrate temper%tmm_d Here, we investigate the GMR of Fe/Cr/Fe trilayers for
structu_re of t_h_e interfacéd,and it ]|ls 1Tfluenced by transition he current perpendicular to the planes geomé&P as a
metal impurities or “overlayers,*** these effects should fynction of the thickness of the Cr spacer. The GMR is cal-
also be reflected in the GMR. Only very few papers, how-cyjated in thg100) direction, although in GMR experiments
ever, deal with both effects simultaneously in order to studyoften the (110) or (211) directions are preferred. However,
the influence of the IEC on the GMR:™ Two systems  Fullerton et al?* showed that the main properties are the
turned out to be of special interest, namely Co/Cu and Fe/Cgame.
multilayers, mainly because of the oscillating antiferromag- From Auger spectroscopyand scanning tunneling mi-
netic (AF) IEC depends on the spacer thickn&s¥The IEC  croscopy (STM) measurement§ it is known that at the
of both systems has been frequently studied especially asfe/Cr interfaces alloy formation takes place, whereby the
function of the spacer thickne$¥!17-20 interdiffusion concentration varies with the thickness of the
In Fe/Cr/Fe sandwiches two different oscillation periodsCr layer?®2’-28|n addition, it has been confirmed recently by
have been observed by scanning electron microséopy Santamariaet al?® that the GMR of Fe/Cr multilayers is
(SEMPA), Brillouin light scatteriné0 (BLS), and the mostly determined by the structure and the width of the in-
magneto-optic Kerr effeét (MOKE). For spacers thicker terface. Therefore, interface alloying is included in the
than 4 monolayer¢ML) a short period of 2 ML has been present calculations using the coherent potential approxima-
observed, which leads to AF coupling for even numbers otion (CPA). Although the IEC was already discussed in sev-
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TABLE |. Structure of the investigated trilayers.

Type Description Structure of the spacer and interfaces
A Ideal interfaces Fel/GrfFe 1<s<42
B Finite interdiffusion Fe/Fe .Cr./Fe.Cr;_./Crs_»/---/Fe 0<c=<0.2
C Homogeneous Cr-Mn alloy Fel/(Cr,Mn,)/Fe 0<x=<0.1
D Mn “overlayer” Fe/Cr,_,/Mn,/Fe 3<s<22
eral papers in view of the origin of the oscillation perilfds s<42, 9sm<11. (1)

or the magnetic moments at the interf&é?we have cal-
culated the IEC for Fe/Cr/Fe trilayers for varying spacer systems are two-dimensional translational invariant. Due

thickness examining the influence of interdiffusion and ity the properties of the screened two-dimensional structure
relation to the GMR. These investigations are different from., <2133 the total number of layersra+s has to be a

13 ; ;
those of Verneset al:™> because they used trilayers with multiple of three, therefore, the number of buffer layers

vacuum on top and examined solely systems with ideal i”'slightly varies[see Eq(1)]. No attempt was made to account

terfaces. Furthermore, in contrast to the present paper the | wice relaxations, i.e., the interlayer distance is assumed
GMR there was discussed for the current in-plane geometry) haq=2.635 a u[FM bcc Fe in the local density approxi-

(CIP). . . mation(LDA)] for the whole system, which is 2.5% smaller
In the second part of this paper we refer to recent iNVeSghan the experimental bulk value of Bb.

tigations by Heinrictet al," who studied the changes in the We have investigated Fe/Cr/Fe trilayers with four differ-

t? thegOCr Epacer, b.ecaéjsﬁ Mn is known to destroy tr&e .SEVYrom the simple structure in Eql) (see Table ). Besides
ot Er' T eyf restrlc;[je their measurementfs ;0 sar: WICN€Systems with ideal interfacegase A, trilayers with finite
with 11 ML of Cr and 1-3 ML Mn on top of the Cr layers oo gitfusion at the interfaces are studiézhse B. In this

and concluded that Mn does not change the phase, but €Base, the interdiffusion region extends over two layers with

hgnces the strength of the c_:oupling by a factor of 2.5. POS3n interdiffusion concentration of 20%, which is close to the
sible changes due to the thickness of the Cr layer were n

| q . o h b iod iy &alue given experimentalf{, Further calculations have been
glected. Here, investigations have been carried out r 3 y,h6 with Mn contamination, which is expected to suppress

transition metal impurities, such as Mn and V. The calcula-the SDW of Cr. This situation was modeled by assuming a
tions have been performed for two different configurations:disordered spaéer Cr,Mn, alloy with 0<x=10% and a Cr
(1) a monolayer of Mn or V on top of the Cr spacer a0l o

h _ hould b spacer that is covered on one side with a monolayer of Mn, a
a homogeneous &ryMny (x<0.1) spacer. It shou € case that can be realized in experiment at low substrate
noted that a stabilization of the second case fails in experigymneratyred? Additional calculations have been performed

ment (at least at those temperatures needed to get layer Ry \/ monolayers on the Cr spacer, which seems not to

layer growth because of the strong tendency ég Mn to Seg'destroy the SDW. We have assumed that the interface alloys
regate to the surface during the growth processurther- 54 yhe cr  Mn, spacer are disordered, and therefore can
more, we investigated the GMR for systems with Mn and Vhe described in terms of the inhomogeneous CPA.

impurities. Our calculations show that in accordance with the
experiments by Baumgaet al>! small Mn or V concentra-
tions do not affect the size of the GMR. We are also able to  B. Electronic structure and interlayer exchange energy

demonstrate that the oscillation periods are influenced by The electronic and magnetic properties of the Fe/Cr/Fe

Mn. In order to understand in more detail the changes in th‘f’rilayers presented in Sec. Il A have been calculated by
magnetic coupling and the GMR caused by interdiffusionoang of the fully relativistic spin-polarized version of the
and impurities, a separate section is devoted to the magneti. . caned Korringa-Kohn-Rostoké8KKR) method for lay-
moments of the above mentioned systems. ered system@3® using the atomic sphere approximation
(ASA) and the LDA®" It should be noted that the use of the
Il. COMPUTATIONAL DETAILS LDA instead of a generalized gradient approximatiGGA)
is adequate, although in the case of bcc Fe the GGA leads to
) ) ) a better agreement of calculated equilibrium geometries with
The trilayers considered consist®fmonolayers of a non-  respect to experimental data, since we use a fixed geometry
ferromagnetic spacer embedded between two semi-infinitgng determine only magnetic energy differences within this
bce Fe001) bulk systems. In addition, a buffer oh addi-  structure. Furthermore, since transport properties depend
tional Fe layers between the spacer and the bulk material Bnly on the Fermi energy, it is not necessary at all to use the

used in order to account for the charge transfer at thgsGA. The interlayer exchange coupling can be defined by
interfaces’ The actual systems considered are therefore ofe total energy difference

the form

A. Systems

Fe(001)/Fe,/S/Fe,/Fe001), AE=E(AF)—E(FM), )
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where FM and AF denote a parallgerromagnetit and an 40
antiparallel(antiferromagneticrelative coupling of the two B e ¢ -00
semi-infinite Fe systems. In order to determine the interlayer or X

exchange coupling from these calculations we made use o _.A

the magnetic force theorefiwhich allows us to determine

only one of the two configurations self-consistently and re-
place the difference of the total energi€d by the band
energy difference

w

AE, (mRy)
o o
T 1
.<>0
%

n _10_
AE~AE,= >, AED, (3) -
p=1 20 ¢
| [N I S S S S I S I A - Ay Iy v |
wheren denotes the total number of layems-2m+s and 0 4 8 12 16 20 24 28 32 36 40 44

AE} is the layer-dependent band eneffy details see Refs.

32 and 39. In the present investigations the FM configura- 40
tion with the magnetic orientation perpendicular to the soL
planes is calculated self-consistently, whereby it is assume
that the spacer layers show the same magnetic orientation ¢ 29

meem==—=0
(o]
O
I
o
(M)

the nearest Fe bulk system. = r
o'
c 10
C. Magnetoresistance Eﬂ 0 B g 0%q 00, 00

The magnetoresistande can be defined in terms of the -

difference between the sheet resistances for zero (ade -10[ :
sumed to be AFr(AF) and with applied field (FM): 20‘

N N [ T - N Y A N S S I I N
r(AF)—r(F™M
_ (AR —r( ), 0<R=1. 7 0 4 8 12 16 20 24 28 32 36 40 44
r(AF) s, number of Cr layers

Here, we focus on the electric transport perpendicular tothe g 1. Interlayer exchange enerdyE, of Fe/Cr/Fe trilayers
planes and the (C) (C= F'Y'l’AF) are obtained from the \ersus the number of spacer layerswithout interdiffusion €4
Kubo-Greenwood equatiéh®* employing a fully relativistic o, top and with a two-layer interdiffusionc=0.2, bottory. In

spin-po!arized'versipflﬁ For a sandwiph oh layers and.a the latter case the full line corresponds to a RKKY-typéHid. (6)].
magnetic configuratio@ the sheet resistance can be writtenertical lines mark the nodes of the SDW, see text.
as

the present case such a study of noncollinearity would give

_ only qualitative results due to the huge number of possible
r(C,n,&)—% Ppa(C.N. ), 5 magnetic configurations.

n

whereby the resistivity,, connects the current in layerto
the electric field in layerg. Due to numerical reasons the
Fermi energy has to be complex;+i4d, and the sheet re- A. Fe/Cr/Fe with interdiffusion
sistance is calculated for a finite imaginary pértThrough-
out this paper we have uséd=2 mRy. It has been shown in
our previous work&E** that the sheet resistance varies lin-  We have used Ed3) to calculate the IEC of the Fe/Cr/Fe
early with 6. The calculated magnetoresistan@e is sys- trilayers. The results for the systems A and B are summarized
tematically shifted to higher values fd=0, and therefore in Fig. 1, whereby some general aspects of the systems of
Eq. (4) serves as a lower limit for the GMR ratio a&0. type A have already been discussed in the literattité??
One should be aware of the fact that in Fe and Cr system$herefore, in this paper we will focus on the those features
noncollinear structures can occur—especially at the Fe-Cthat are important for matters of comparison to the IEC of
interfaces—but it should be noted that in terms of electricthe systems B—D. Two different periods are observed in the
transport such effects only matter for the size of possiblecase of the ideal Fe/Cr/Fe systéfig. 1, top. The short 2
anisotropic parts of the resistance, i.e., anisotropic magneviL period has been found for spacer thicknessdarger
toresistancd AMR) effects. Furthermore, as noncollinearity than 2 ML, whereby for thinner spacers the coupling be-
can comprise both noncollinear spin structures with respestomes FM, which in turn is in good agreement with
to the planes and within these planes, the magnetoresistanegperiment®“¢However, in experiment this short period has
ratio no longer simply relates parallel and antiparallel resisbeen observed only fos=9 (see Ref. 4§ whereas most
tivities to each other. In that case the MR ratio has to becalculations show an onset of the short periodste3 or for
redefined. In principle, noncollinearity can be taken into ac-even thinner filmg!*3 This difference is most likely caused
count, e.g., in discussing domain wall resistivittequt in by interface roughness, which occurs during the growth of

Ill. RESULTS AND DISCUSSION

1. Interlayer exchange coupling
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the system and is neglected in all theoretical calculations up 40
to now. In agreement with the results by Freg$sal?? and 35
Verneset al!® we obtained AF coupling for even numbers of
spacer layers ans<15 or s=32, whereby this order is re- 30
versed for systems with ¥5s<<32. A second, longer period o5
is usually observed in magnetization measurements with &
period of 1012 MLY"**This period was already discussed g 20
in several theoretical papers by fitting the energy differences 15
of Eq. (2) to RKKY-type expression&-2°

Furthermore, the calculated IECFig. 1) shows phase 10
slips at every 16 ML, which are related to the incommensu- 5
rability of the Cr SDW* the first slip occurs at 14 ML of Cr.
In experiment these phase slips have a period of 20 ML at
room temperature, the first slip can be observed at 24
ML.“*#7 This large deviation of the calculated period from g5 5 giant magnetoresistanéeof Fe/Ct/Fe trilayers with
the experimental result has been observed also in previoygey) interfacesfilled circles and for a finite interdiffusion of 20%

calculations/a phase slip after 14Ref. 48 or 29 ML (Ref. ~ (open circlep as a function of the number of Cr layessThe bro-
11)] and seems to be sensitive to the theoretical technlquaan lines are cubic Sp|ines as guide to the eyes.

used, i.e., whether a supercell method was applied or not.

The main difference between a supercell approach and thghereby the &2 term corresponds to the usual RKKY inter-
present calculations is that in supercell calculations thection, which describes the asymptotic lirsit>. The 15
Fermi energy changes with the thickness of the Cr spacer andrm occurs in the case of fully planar nesting, which in turn

is not related to the Fermi energy of the leads. It should alsqas to be related to the short perfddn the present case,
be mentioned that the calculations refeﬁ’t@O, whereas the however, there seems to be no short period_ The fit gives

measurements were performed above thelNemperature. only one period of To,=T,=6.74 ML. Comparing the

Since we are able to investigate relatively thick spacers wittyresent results with the experimental data it turns out that the
more than 40 ML of Cr and since as in Ref. 13 no slabassymption of total disordé€PA) at the interfaces provides
geometry is used, the phase slip can directly be seen in Figne right trend for destroying the short period. The results
1. ) indicate that the 7 ML period is strongly related to disorder at
However, usually Fe/Cr interfaces are not as perfect age interface. Furthermore, it should be mentioned that the

described above. Interdiffusion effects lead to the formatiorhhase slips occurring at 13 and 30 ML can hardly be seen.
of Fe-Cr alloys, the roughness of the interface being deter-

mined by the growth temperature. For growth temperatgres 2. Giant magnetoresistance

well above room temperaturgg the interface roughness is , ) L
relatively small and the short period can be recorded. In 't iS Well known from literature that the switching be-
Fe/Cr whiskers it has been observed by BLS experim&nts Ween AF and FM coupling is reflected in the GMR. A fa-
that the short period also exists for finite interdiffusion. InMOUS example is the Co/Cu multilayésee Ref. 48 The
this case the layer dependence becomes revéesed num- question .of h_ow far the different o§C|IIat|on periods ca}used
bers of spacer layers are now coupled ferromagnetically by interdiffusion can be observed in the CPP GMR will be

which was also confirmed theoreticaff/Similar results are ~ 2ddressed in this section. The GMR for the two types of
reported in Ref. 47 in terms of SEMPA experiments. systemscq=0.0 and 0.2, has been calculated using 9.

In our calculations we have assumed a randomly disortFi9- 2). In both cases the shape of the GMR curve looks

dered alloy at the two interfaces of the trilayease B (see similar: It decreases slowly with an increasing number of

Table I), which corresponds to the experimental situation ofSPacer layers. The alloying at the interfaces leads to an ad-
frozen disorder due to low growth temperatures. In agreeditional decrease of approximately 5%, which becomes less

ment with the experimental findings the short period vanimportant for thicker Cr layergFig. 2). This is in agreement

. ; . 50
ishes with the onset of disorder. As can be seen from Fig. IVith previous model calculations by Hoed al>" They also
the 2 ML period is replaced by a longer period of about 70bserved a decrease of the GMR if the roughness of the

ML, which, however, has not been observed in experimentdntérface becomes larger than 2 A, whereby the absolute
In order to exclude that the oscillations in Fig. 1 refer to avalue depends onstlhe choice of the model parameters. How-
superposition of oscillations with two different periods, we €Vel, Rensingt al.”” reported an enhancement of the GMR

used a RKKY-type expression to fit the calculated data point§u€ to Cr doping of the Fe layers. This result does not con-
with respect to the number of Cr layess tradict our results, because they deposited thin Cr layers on

the Fe layer and avoid interdiffusion by annealing. For very
thick spacers the GMR is still finite, namely between 5% and
. : 2.5% at 42 ML of Cr. This is different from previous calcu-
Sin(2ms/To+ do) +Alsm(21-rs/T1+¢1), lations within the Kubo-Greenwood formalism by Vernes
52 S et al3for the CIP GMR in similar trilayers with vacuum on
(6) one side. In the CIP case the GMR oscillates around zero if

®®c =00
00¢y=02

N I Y S Y S A Ay I N A |
8 12 16 20 24 28 32 36 40
s, number of Cr layers

o
H

J(S) :Ao
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TABLE Il. Algorithm used to detect the local extrema of the
GMR (R) and the IEC QAE,) depending on the number of the 151 Fe/Cr,_,/Mn,/Fe
spacer layers. Local maxima of the IEGGMR) are described by B
x=0 (x=1) and local minima b= —1 (x=0), respectively.

Ascent ofR andAE X r:Z:'

(s)<R(s+1) 1 ;

R(s)>R(s+1) 0

AEL(S)<AEy(s+1) -1

AEL(S)>AEy(s+1) 0
_ | | | | | | | | | | |
100 4 8 12 16 20

the spacer becomes thicker than 30 ML of Cr. As compared

to the CPP GMR the CIP values are always smaller, a faci
that has also been observed experimentally at low 45
temperatures>°3Furthermore, from Fig. 2 it is obvious that
the decrease is accompanied by small oscillations, for whicl
the period seems to depend on the structure of the interface
In the CIP cas¥ such oscillations could be observed in the =
resistances, but not in the GMR because of the small differ-g 5
ences between the AF and FM resistivities. In order to make.2
the relation between the IEC and GMR visible, we haveE 0
made use of the model presented in Table Il. We have al-
ready discussed in detail in a previous paper the system with -5
out interdiffusion that the 2 ML period of the IEC is directly -

Fe/Cr_/V,/[Fe

10

related to local maxima and minima in the GMRThe qol—1 1
GMR shows the same short 2 ML period as the IEC; even 0 4 8 12 16 20
the phase slips can be observed although being slightly s-1, number of Cr layers

shifted and smeared ounset in Fig. 3. It should be noted
that the maxima always correspond to AF coupling and th
minima to FM coupling, respectively. However, until now
only the long period has been found in experiménits.

In order to check whether this correlation also applies to . N . .
finite interdiffusion, we used the same algorithm as in Refe.}ated to FM or AF cpup_lmg, Wh'Ch in tum Is cc_)nflrmed by
54, namely, the one summarized in Table Il. The corresponul-he fact that the oscillation period of the GMR is smaliar
ing results are displayed in Fig. 3 with respect to the numbep/”‘) than that of the IEG7 ML).
of Cr layers. For a finite interdiffusion the phase matching
between the IEC and the GMR seems to be destroyed. The B. Fe/Cr/Fe with Mn and V impurities
maxima and minima in the GMR are no longer directly re-

FIG. 4. Interlayer exchange coupling energ&E, of
(?:e/Cg,l/TllFe sandwiches witf=Mn,V versus the number of
Cr layerss—1.

1. Interlayer exchange coupling

1 3 The coupling behavior of Fe/Cr multilayers or sandwiches
seems to be very sensitive to the incommensurability of the
0.5- : : ; L .
magnetic configuration of Cr. Therefore, it is interesting to
%0 . . . . .
B L examine how the IEC changes, if the magnetic configuration
y 03¢ . transforms to a commensurate AF configuration. Here, the
\'10 10, 20 magnetic configuration has been varied by addidgransi-
=0 A \ tion metal impurities into the spacer or as a separate layer
A between the spacer and the leads. The results for Cr spacers
HE I B A S R GMR ’

BEEN L ! Do ! covered by a single monolayer of V or Mitase G are
bt by i) IEC displayed in Fig. 4. In both cases the 2 ML period can be
L Y iy observed for systems with more than 4 ML of Cr, whereby

B IO S T O R A T L R S R R R an “overlayer” of Mn leads to a shift of the phase, e.g., even

10 10 20 30 40 50 60 70 80

numbers of Cr layers are ferromagnetically coupled. It

should be recalled that in the case of pure Fe/Cr/Fe, odd
FIG. 3. Comparison of the oscillations in the GMR and the IEC |ayers are ferromagnetically coupled up to the first phase

for c4=0.2. Local maxima in the IECGMR) are described bx  Slip. The same type of coupling has been found in experi-

=0 (x=1) and local minima bx=—1 (x=0), respectivelysis  ments with Fe/Cr/Mn, /Fe sandwiche¥’ It is also reported

the number of spacer layers. The inset shows the resultgfor in the same paper that an “overlayer” of Mn leads to a much

=0. stronger coupling. This, however, is not supported by the

s, number of Cr layers
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30 35
25 A Cr . Mn B
C v Cro.ssMno.os 301 ooCr v,
20 C A 090" 0.10 - AACr_Mn,
151 25r
—_anl V4 B
g'or <208
E 5[ < L
E.n 0_ ﬂ\v & 151
B D 10-
ST A i
.10 -
C 5+
45 A -
0l —L L 111 ' % 4 s 12 16 20
205 4 8 12 16 20

s-1, number of Cr layers
s, number of spacer layers

FIG. 6. Giant magnetoresistanée of Fe/Cg_,/T,/Fe sand-

FIG. 5. Interlayer exchange coupling enerdy¥, of trilayers wiches, T=Mn.V, as a function of the number of Cr layess

with Cr, _,Mn, spacers versus the number of spacer lagéos 5%
(filled triangles and 10%(open trianglesof Mn. Solid lines mark

fits to the RKKY-type expression in EG6). tration, i.e., there are only minor differences between the two

curves. The IEC for systems with Cr,Mn, spacers, how-

present results. Due to the fact that experimentally only on ver, is completely different from that of case (@ver-

particular Cr thickness has been examined, it is questionabl@Ye!") (S€€ Fig. 3. In contrast to the previously discussed
whether this statement applies to all thicknesses. Here, t stems W'th. Mn on top of the Cr layers no 2 ML perlo'd. can
magnitude of the IEC of Fe/Gg/Mn, /Fe is 1.4 times larger e seen. As_ it seems likely that the IEC is a superposmon_ of
as compared to the Fe/fgfFe system, whereas for 9 ML of two oscillations, we have used the same RKKY expression
Cr the IEC decreases when inserting an atomic plane of MAS PeforéEa. (6)] in order to determine the periods for the
atoms. system with 5% of Mn. We found an oscillation dfo
From Fig. 4 it is obvious that the IEC is rapidly damped if =6.9 ML just as in the case of interdiffusion and alloy for-

the spacer layer becomes thicker than 17 ML, a behavior thd[ation at the interfacegase B. This has been expected due
is different from cases A and B. For very thir@) Cr layers to the fact that this period can be related to disorder in the

the IEC is FM. In this limit of film thicknesses the strength SP3C€T- However, in the present case this period of approxi-
of the coupling for systems with V “overlayers” is compa- mately 7 ML seems to be superposed by a short 2 M. (
rable to the coupling without impurities, whereas Mn _=2.005 ML) period, although the latter is less pronounced
strongly reduces the FM coupling in the thin spacer limi

¢ in systems with impurity “overlayers.” This is confirmed
This most likely can be attributed to frustration effects, be-2/S0 by the analysis of the systems with 10% of (@ee Fig.
cause Cr always couples AF to Fe, while the coupling be=:

5). In summary the 2 ML period is not completely destroyed
tween Fe and Mn is reversed in the case of even numbers Qf” disorder or !r}terdiﬁusion, but damped with respect to the
Cr layers. Furthermore, in the case of AF coupling the mag&ctual composition of the alloyed spacer.
nitude of the IEC is reduced by a layer of V atoms, whereas
Mn seems not to influence significantly the magnitude of the
IEC. Although impurities have an enormous influence on the

As compared to case A no phase slips are visible with theoupling of the Fe layers the changes in the GMR due to
exception of perhaps such a slip between 4 and 5 ML of Cadditional Mn or V layers are less pronounced. Neither im-
for systems with Mn “overlayers.” From the present calcu- purity “overlayers” nor a Cr-Mn alloy spacer lead to signifi-
lations we are not able to exclude the existence of phase sligsnt changes of the size of the GMRigs. 6 and ¥. The
completely, it may still be possible that such slips occur forGMR ranges between 7.5% and 15% for spacer layers
thicker spacers. It will be demonstrated below that the SDWhicker than 4 ML. This agrees with the experimental find-
survives in the case of an V “overlayer,” while Mn trans- ings reported in Ref. 31 for Fe/Cr multilayers with impurity
forms the SDW into an commensurate AF phésee Sec. layers of V and Mn. It should be noted that it has been
[ C). observed that thicker impurity layers can enhance the

Up to now it was assumed that the impurities are locatedsMR 3! In systems with very thin Cr spacers¢ ML) the
at the boundary of the Cr spacer to the Fe leads, which aize of the GMR depends on the type of impurity. Sand-
least is known for Mn to be the experimental situation atwiches with V “overlayers” have slightly smaller GMR val-
elevated temperaturéS.Nevertheless, it is interesting to ues than a corresponding pure Fe/Cr/Fe trilayer; the size of
know what happens if the impurities form alloys with the the GMR is not changed by Mn impurities.
spacer material. For this reason we have replaced the Cr For systems with more than 4 ML of Cr the different
spacer by a statistically disordered Cr-Mn alloy with a Mn periods, which have been discussed in the preceding section,
concentration of 5% and 10%. As can be seen from Fig. 5are clearly reflected in the GMR. The GMR showgigzag
the results are nearly independent from the impurity concenbehavior due to the short period; the amplitude decreases

2. Giant magnetoresistance
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FIG. 7. Giant magnetoresistanRef Fe/(Cyr_,Mn,),/Fe sand- K Q
wiches as a function of the number of spacer laya 5% (filled 0.061-} ¢ Fe/Cr40/Fe ?
triangles and 10%(open trianglesof Mn. -
0.03F
rapidly with an increasing number of Cr layers. Especially, ;an -
for the case of a Mn “overlayer” it is obvious that maxima Z o
corresponding to AF coupling occur at odd numbers of Cr =
layers and minima at FM coupling, whereas in the case of V
the trend is less clear. From Fig. 6 it seems that the meaning -0.03
of the maxima and minima is reverséce., odd numbers of R K] o
Cr layers couple AF, but there are deviations from this be- -0.061] o o
havior, e.g., for systems with 15—-17 ML of Cr. This can be o 8 16 24 3
understood from the fact that V does not destroy the SDW of i, index of Cr layer

Cr (see Sec. Ill ¢ The above investigations for systems

with V and Mn “overlayers” have confirmed what has been  FIG. 8. Magnetic moments of Cr in Fe/GFe trilayers withs
suggested for case A: the 2 ML oscillations in the IEC are=39 (filled circles ands=40 (open circleglayers of Cr versus the
indeed mapped in the GMR. This also applies to the phas#@dex of the Cr layei.

slips in the SDW.

It has been shown in the preceding section that distributtion of one example, all magnetic moments shown here have
ing the Mn atoms in the spacéeease D instead of on top of  been calculated for the FM configuration of the leads. The
the Cr layergcase ¢ leads to significant changes in the IEC. AF configuration leads only to an interchange of parity, i.e.,
These changes are also reflected in the GWR. 7). For  magnetic configurations that are for even numbers of Cr lay-
small numbers of spacer layers the behavior is comparable i@s are switched to odd numbers and vice versa. The size of
that of Fe/Cr/Fe. With an increasing number of spacer layerghe Cr magnetic moments is rather smatt @.1ug); how-
the GMR starts to oscillate—as before—with the number ofeyer, they show a clear trend. In agreement with previous
spacer layers. Just as in case B the period can be roughijijvestigations of Vernest al!® the typical 2 ML period is
estimated to be 5 ML. In contrast to the IEC the indicationspbserved for Fe/Cr/Fe sandwiches without interdiffusisse
of the short 2 ML period can directly be seen in Fig. 7, Fig. 8. In a sufficient distance from the interfaces a modu-
because for the systems with 12 and 16 ML there are smalhtion of the amplitude of the magnetic moment occurs,
additional maxima, which can be related to the short 2 MLwhereby odd numbers of Cr layers lead to one belly with two
period. Finally, it should be mentioned that the GMR slightly nodes, whereas even numbers exhibit a third node in the
decreases with an increasing amount of Mn impuritiesmiddle of the Cr spacer. Systems with odd numbers of Cr
which is in_agreement with results from resistancelayers show the same long period as the IEC, while in the
measurements. case of even numbers of spacer layers the period is halved: A
thicker spacer would be needed to reach the long period.

Although, interdiffusion at the Fe-Cr interfadease B
leads to significant changes in the GMR and IEC, the mag-

In the above discussion of the GMR and the IEC of Fe/netic moments are very similar to the undisturbed dase
Cr/Fe sandwich structures it has been stated that, due to ifdg. 9). The amplitudes of the induced moments are, how-
terdiffusion or impurities, these properties are strongly re-ever, smaller by a factor of 2 as compared to the results
lated to respective changes in the magnetic moments. Ishown in Fig. 8. Furthermore, the long periods are slightly
order to discuss the magnetic properties of the Fe/Cr systentarger than for Fe/Cr/Fe, which can also be seen in the IEC.
under investigation, we have performed additional calculaFrom Fig. 9 it is obvious that the number of Cr layersais
tions for systems with 39 and 40 ML of Cr. With the excep- priori decisive for the nodes and periods, whereby the inter-

C. Magnetic moments
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0.06- Fe/Cr,y/Fe: c,= 0.2 "1, Fe/CryMn /Fe
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| 1 | | | | | | | | _01
0 8 16 24 32 40 0
_ 0.1
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0.03 L
ES 2 o
s Of X
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0 8 16 24 32 40 *%o &8 16 24 32 40
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FIG. 9. Magnetic moments of Cr in Fe/@Fe trilayers withs FIG. 10. Magnetic moments of Cr for a Fe4giT, /Fe sand-

wich with T=Mn (filled circles and V (open circle§ versus the

=39 (filled circles ands=40 (open circleg Cr layers for a finite ' .
index of the Cr layei.

interdiffusion of 20% versus the index of the Cr layer

diffusion plays only a minor role. That seems to be in con-comparable to the Fe/Cr/Fe system with 40 ML of Cr. This
tradiction to the results for the IEC, compare Sec. Ill A 1.agrees with the results for the GMR and |ESee Secs.
The magnetic moments themselves show no indication for 8! B 2 and 11l B 1), which are shifted by one monolayer as
7 ML period and what is even more important, the magneticcompared to the Fe/Cr/Fe or Fe/Cr/Mn/Fe systems. This dif-
moments do show the 2 ML periaéig. 9). These two facts ference is caused by the Fe-V coupling. The V atoms couple

suggest thiga 2 ML period exists, which is suppressed in the antiferromagnetically to Fe and Cr, which induces a rear-
IEC. rangement in the spacer. In the case of Mn this problem does

As discussed in Section Il B®Btransition metal “over- Nnot occur, because Mn also couples antiferromagnetically to
layers” lead to significant changes in the IEC. The magneticCr, but the coupling between Fe and Mn is ferromagnetic.
moments for a thick Cr spacer with V or Mn on top are
displayed in Fig. 10. In both cases the 2 ML period can be ’e ?e
observed, but with respect to the SDW of Cr these two sys-  0.05- Fe/(Cry gsMN o5)sg/FE
tems behave differently. An “overlayer” of Mn destroys the
SDW and the magnetic moments decrease continuously with -
the distance from the Mn-covered Fe lead. However, the —
SDW has not completely vanished, which is indicated by the Z o}
node on the left side of the spacer. This node arises from the =
Fe-Cr interface, which is not covered by Mn. If the Mn at- L
oms are distributed in the Cr spadease D instead of form-

ing an atomic plane on top of the Cr spacer, the SDW van-  gosL( | ® ®
ishes completely(Fig. 11). This is in agreement with ° ®
experimental observatior8. o 10 20 30 40

An “overlayer” of V on the contrary does not destroy the
SDW of Cr(Fig. 10. Due to the V “overlayer” the moments
are no longer symmetrically distributed; nevertheless two FIG. 11. Magnetic moments of a Fe/(CrMn,)sq/Fe trilayer
nodes can clearly be seen. The behavior of the moments igrsus the index of the spacer layer

i, index of spacer layer
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IV. CONCLUSIONS Mn, however, the phase slips vanish at least on the side

Using the SKKR method and the Kubo-Greenwood equayvhere the “overlayer” has been placed. If Mn atoms are

. : : : . distributed randomly in the spacer the phase slips vanish
tion we have investigated the mterlgyer exchange CouDl'.n%ompletely and the SDW transforms into a commensurate
alr:rlletgifgjptlraar?sli\t/il?n ?rfe![:a?/i%/z(:itizgagrefr;mW:IIlghs(ia?crlthinAF structure. This transformation has also been observed
P . pur y experimentally. Further investigation of V monolayers on the
Fe-Cr interfaces. Although the size of the GMR and ”.ECCr spacer have shown that, in contrast to Mn, V does not

of the IEC and the GMR are strongly influenced by the typeaestroy the SDW. The magnetic moments of the Cr spacer

of impurities and interdiffusion. In agreement with experi- are of course no longer symmetric, but still show typical

ments and other theoretical investigations a short 2 ML pepOdeS' As previously discussédor the ideal system the

. . extrema are related to AF or FM coupling. For a sufficientl
riod has been founc_i for Fe/Cr/Fe trilayers and due to th‘?arge number of spacer layers, Mn “gver?ayers” lead to FI\)I/
SD;/:I ?T: tChr ph;’:\se r?thrr)s e\llter)i/t i15 '\gbl that th riod oupling for even numbers of Cr layers, whereas odd num-
‘rom the present results 1t 1s obvious that the periods of, couple antiferromagnetically. If V is used instead of Mn,
oscillations in the IEC and the GMR are the same for tnlay-,[he sequence is reversed. This most likely is caused by the
ers with undisturbed interfaces and ghetal “overlayers.” If fact that V/ prefers AF coubling Wwith Ee and Cr. whereas Mn
interdiffusion occurs at the interfaces or a disordered Cr-M . : ' .
spacer applies, the period of the IEC seems to be slightl ouples antiferromagnetically to Cr and ferromagnetically to
larger as compared to the GMR. This can be explained by a In summary, it has been shown that most of the changes in
superposition of two oscillations with different periods as '

. the transport properties or the magnetic coupling can be cor-

]::cglsoewcs)ffirr?tg]r d"’}ﬁﬁggggffs fguftotrotgee ilqlc??/:?:osrgaﬁce;?é;htﬁ erelated to respective changes in the magnetic configuration

nore comp "~ of the Cr spacer. However, modifications of the spacer and of

resql_ts for th_e IEC and .GMR gave no |nd|ca_t|on for a SUPEThe interfaces strongly vary the periods of the GMR, or IEC,
position of different periods, but the magnetic moments of ut not their size: The GMR. therefore. is not enhanced
thick Cr spacer did. From investigations of spacers with ' ' ' '

more than 39 ML of Cr it can be seen that, besides a pro-
nounced 7 ML perioda 2 ML period still exists. It has to be

mentioned that this 7 ML period was not observed in experi- This work has been partially funded by the RTN network
ment up to now and may be an artifact of using the conceptComputational Magnetoelectronics(Contract No. RTN1-
of statistical disorde(CPA). 1999-0014% and by the Austrian science ministtBM:bwk

As mentioned above covering the Cr spacer with anGZ45.53). The authors acknowledge financial support from

“overlayer” does not change the 2 ML period. In the case ofthe Deutsche Forschungsgemeinschaft through the SFB 491.
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