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The interface roughness and variations in the magnetic moment at the interface were investigated in epi-
taxially grown exchange biased MFe,o/FesgMn s, (111) bilayers by conversion-electron Msbauer spectros-
copy. To this end, & Fe,Mng, or Nigy'Fey, alloy probe layer was inserted at the interface. Using a simple
model to analyze the data, it is shown that intermixing at thgRdy/Fe;(Mns interface is restricted to a zone
with a thickness of only two atomic layers. The magnetic moments of Fe atomsdRedj close to this zone
are not significantly altered.

[. INTRODUCTION Meiklejohn and Beahthe interface structure is assumed to
be perfect and the magnetization in the AF layer is assumed
Bilayers of the antiferromagnetié\F) FesgMng, and the  to be antiparallel in successive atomic planes parallel to the
ferromagnetidFM) Ni gFe,o metallic alloys have been stud- interface. In the case of ferromagnetic exchange coupling
ied intensively due to their industrial applications in magne-across the interface the preferred direction is given by the
toresistive sensor materials based on the anisotropi@oze”"” direction of the magnetization of the interfacial
magnetoresistanter on the giant magnetoresistar(égpin- _pIane o.f the AF layer. Interfac!al roughngss, _Ieadlng to t.he
valve”) effect? The exchange coupling at the interface pe.interaction of the ferromagnetic layer with differently ori-

tween the AF and the FM layer can cause a unidirectiona?mecj spins in the antiferromagnet would then diminish the

magnetic anisotropy of the FM layer if the sample is growneXChange biasing effect. On the (_)ther hand, in the m“ore re-
: L . - cent model by Malozemdtfthe existence of such an “un-
in a magnetic field or cooled down in a magnetic field after

. . compensated” magnetic structure of the outermost atomic
heating above the blocking temperature of the AF layer. | P g

. : . . l'Iayer of the antiferromagnet is not a crucial ingredient. On
manifests itself by a shift of the hysteresis loop along thethe contrary, it starts from the assumption of a fully “com-

field axis, called the exchange bias f|eld: Tsang, Heiman, a”ﬂensated” AF spin structure and discusses the exchange bi-
Lee demonstrated that in order to obtain a strong exchanggsing effect as the result of interfacial roughness leading to
biasing effect it is necessary to have a maximum amount ofne formation of domains in the antiferromagnet. Fbt1}-
the metastable fcc-typg phase of Fe-Mn at the interface. oriented exchange biased gyFe,yFesMn 5, Malozemoff's
Subsequently, the epitaxial relationship betweengRe;;  model seems more suitable than the Meiklejohn-Bean model
and FeoMns, was revealed by Hwang, Geiss, and Howardsince the in-plane components of the moments within the
using cross-sectional TEM studies on sputtere@ e,y (111) planes of FeMnsgy form a fully compensated spin
FesoMns, bilayers on silicof and by Jungblutet al. from  structure®
low-energy-electron-diffraction (LEED)  studies on If interfacial roughness is then a requirement for obtaining
molecular-beam epitaxyMBE)-grown NigFeyFegMnsg  the exchange biasing effect in this system it would be very
on [111], [100], and [110]-oriented Cu single-crystal important to establish its actual amplitude and its possible
substrates. The latter study and investigations by Rijks effect on the magnetic moments of the atoms in and near the
et al.® where a Ta underlayer was found to improve the detough or intermixed interface zone. From earlier ferromag-
gree of[111] texture of the sputter-deposited layers, clearlynetic resonance spectra for sputter depositegFd,y/
prove that the111] orientation leads to the highest biasing FesgMns, bilayers®? it was concluded that the magnetiza-
effect. tion of the permalloy layer near the interface is reduced com-
Present theories discuss the exchange biasing phenomared to the bulk value. Stoecklein, Parkin, and Sdotind
enon on the basis of the nearest-neighbor interatomic exhat the “effective dead layer thickness” was approximately
change coupling across the interface, and a specific spii A; if tentatively described in terms of a magnetization pro-
structure in the AF layer, frozen-in during layer fabrication. file which varies linearly from zero at the nominal interface
A brief review of the various models is given in Ref. 5. A to the full bulk magnetization at a distanigethenl would be
crucial aspect in all these models is the crystallographic anequal to 10 A. We have attempted to obtain similar informa-
magnetic structure near the interface. In the early model bgion for MBE-grown NiggFe,o/FesgMnsg (111 bilayers by
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- 4 (b) with a 1 nmthick 5"Fe probe layer on the NjFe,, and
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Velocity [mm/s] FeoMnsg side of the interface, respectively. The thick solid lines
show the best fits. The thin solid lines and bar patterns are repre-
sentations of the subspectra into which the data are deconvoluted.

and 2 were made in order to obtain reference spectra for the
FIG. 1. CEMS spectra af =300 K of (a) the >Fe,Nig, film  bulk alloys. In the case of sample 2 the G g, layer on the

sample 1 andb) the 5"FegMng, film sample 2 for referencgc) ~ Cu(11l) single-crystal substrate served as a buffer for the
Enlarged scale. The thick solid lines show the best fit. stabilization of fcc FggMnsg. Furthermore, all samples in-

vestigated had the same totalgifre,q thickness in order to
performing a conversion-electron dsbauer spectroscopy avoid possible influences of the microstructieeg., stress
(CEMS) study. Earlier CEMS studiésof a series of°’Fe  of this layer on the NjgFe,f/FesgMn s, interface and on the
probe atoms inserted at various distances from the interfacgrowth of Fe,gMn 5y, as well as to allow a direct comparison
have already established the suitability of the technique fobf their Mossbauer signals.
obtaining information on interdiffusion and interface rough-  Fe and Ni, as well as Fe and Mn were coevaporated from
ness on a subnanometer scale. For thgsMb,/FesoMnsy  electron-beam evaporators and effusion cells [drid]-
system with very similar scattering probabilities for the at-oriented Cu single crystals held at room temperature. During
oms in the two alloys x-rdy or neutron reflectometry under the growth a magnetic field of approximately 20 kA/m
grazing incidencE are expected to be too insensitive for was applied in plane. Evaporation ratéSesoMns, and
interface modulations in the monolayer regime. In theNigFe,,:0.08 nm/$ and compositions were controlled by
present CEMS study, we have inserted eitA@esMn 5, or crystal thickness monitors calibrated by chemical analysis.
Nigo’'Fey at both sides of the interface. Use is made of theThe compositions were controlled by Auger electron spec-
fact that the hyperfine field and electric-field gradient is pretroscopy with an estimated error ef/ — 3 at. %. The growth
dominantly determined by the environment of nearest- andjuality was characterized by low-energy-electron-diffraction
next-nearest-neighbor atoms. The samples studied are struechniques(LEED). The perpendicular and parallel lattice
turally identical to the MBE-grown NjFe,/FesoMns,  spacings were determined by measuring the energies of the
(111) double-wedge samples for which we reported earliefprimary Bragg reflections along t16,0] rod, and by analy-
on the exchange biasing propertfeBhis work supplements  sis of LEED patterns at constant energy, respectively. When

these earlier results. MBE depositing 8 nm NigFe,q on the Ci11ll) single-
crystal substrate, sharp LEED patterns with(1dd) symme-
Il. EXPERIMENTAL DETAILS try and the perpendicular lattice parameted, £0.204

. 7 +0.001 nm of the bulk NiggFe,, were found. Growing
Aset of four samples with d|ffererﬁ Fe prpbe layer po- FesgMng, on CU111)/Ni goF ey, only vague(111) LEED pat-
sitions was evaporated gal1]-oriented Cu single crystals: ems were observed for 4.5 nm layer thickness. The perpen-
sample 1: 8.0 nm Nj, 5'Fe,2.0 nm Au, dicular lattice parameter was found to be relaxed to
sample 2: 8.0 nm NjFe,y/6.0 nm®’Fe,Mnsy/2.0 nm Au, d, =0.209+0.002 nm.fo.r thicknesses beyond 4.6 nm. A
sample 3: 8.0 nm NiFe,J/1.0 nm 5FecMngy/5.0 nm ~ More complete deSCI’I'ptIOI’I of the characterization and the
Fe,Mnsy/2.0 nm Au, growth aqd magnetic propertles of the MBE-grown
sample 4: 7.0 nm NiFe,y1.0 nm 5Fe,Nigy3.5 nm  F&Mnso/NigoFey can be ;‘g)und in Ref. 5. ,
FesgMnsy/2.0 nm Au. Iron enriched by 95%’Fe was_used for preparing the
5’Fe probe layers. It must be mentioned that Fe in its natural
The structure of the samples is shown in Figs. 1 and 2composition of isotopes contains 2.17%%Fe. This always
The Au layer protects the sample from corrosion. Samples tontributes a small additional Mebauer signal of’Fe at-
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TABLE |. Fit results of sample ZFe;Mn 5, reference samplelS with reference tax-Fe.

Fits to experimental data Interpretation
Subspectrum B 1 IS Rel. contribution Assignment
[T] (mm/s (%)
1 27.6+0.2 0.02£0.02 1.1 NgFe,o bulk
2 2.99+0.05 —0.09+0.01 94.9 FgMn 5, bulk
3 18.5£0.3 —0.04£0.03 1.0 Interface
4 0.3£0.3 —0.10£0.02 3.0 Interface

oms which are located outside of tRé&e probe layer at the should contribute nominally 1.1% to the area of the total
position of interest to the Mgsbauer spectrum. However, spectrum due to the already mentioned natifik isotope
this additional contribution can be calculated from theabundance of 2.17%. The observed relative area of 1.1%
known film thickness and has been taken into account in ougrees exactly with this expected contribution. Since bulk
analysis. The CEMS measurements were carried out at roofsoMnso With an fcc lattice structure is report€do have a
temperature in an UHV chamber with 19 mbar pressure hyperfine field at room temperature Bf=3.0 T it is evi-
using a 30 mCi ¥Co)Rh Mossbauer source. A channeltron dent that subspectrum 2 corresponds to ¥fieesgMn g film.
electron detector was mounted in the UHV at a close disJhe measured relative intensity of this spectrum of 94.9% is

tance(12 mm to the thin-film sample for registration of the SlIghtly less than the intensity of 98.9% as expected from the
5TFe conversion electrons. nominal thickness of 6.0 nnm’FesgMnsy. Obviously, the

missing difference of 4.0% is distributed over the subspectra
3 (1.0% and 4(3.0% which we attribute to°’Fe atoms
Ill. RESULTS located directly in the interface zone. Thus the width of this

At fi le<1 and . . din ord interface zone amounts to approximately 0.24 nm and is,
t first, two sampleg1 and 2 were investigated in order apparently, very small in this sample.

to obtain reference Msbuaer spectra of bulklike &nso Based on these results of the two reference samples we
and NiggFey films. The spectrum of thé’FexNigo refer-  can now proceed to analyze the “Sbauer spectra of
ence samplesl) is shown in Fig. 1a). It was fitted by one  samples 3 and 4 whera 1 nmthick probe layer containing
magnetically split six-line pattern giving a hyperfine field 57Fe was inserted on the pFe,o and FegMn 5, side of the
value of By=27.71 T at room temperature. This value interface, respectively. The spectrum of sample 3 with the
agrees quite well with the result &;=27.6 T as obtained probe layer on the RgMng, side is shown in Fig. @). It
for a thick Nig,Fe;q Permalloy film at 300 K Due to the  was resolved into five subspectra yielding fit parameters as
random atomic environment of th&Fe atoms in the alloy compiled in Table Il. Again, subspectra 1 and 2 belong to the
film we observed a broadened linewidth of 0.48 mm/s. WeFe,Nig, and FgMng, layers, respectively, according to
remark that the values of the hyperfine fields given here aréheir hyperfine fields and isomer shifts. But here, subspec-
absolute values. Their sign does not follow from the experitrum 2 stems from two regions of the film syste(i): the 5
ment. For NggFeg it is well known that the actual value is nm thick FegMn sy probe layer. The contributiofii) corre-
negative. sponding to 1.5 ML thickness shows the correct hyperfine
The Massbauer spectrum of th&’FesgMns, reference  field and isomer shift of bulk FgMn s,. Based on the values
sample(2) shown in Fig. 1b), and on an enlarged scale in of the hyperfine fields which are between the bulk data of
Fig. 1(c), was fitted by a superposition of four subspectra.Fe,(Nigy and FeMn s, we conclude that subspectra 4 and 5
The fit parameters are compiled in Table I. The data given omrise from®’Fe atoms located directly at the interface. Their
the isomer shift(IS) are with respect tax-Fe. For the con- relative contribution amounts to 19.5%, i.e., the interface
version of the relative areas of the subspectra into film thickzone between the NiFe,, and FeMn 5, films is extremely
nesses, lattice parameters of 0.204 and 0.209 nm were ussHarp, similarly to the result obtained for the;fns, ref-
for NiggFe,g and FegMn 5g, respectively. erence sample 2. However, there is an additional subspec-
Subspectrum 1 can be identified by its hyperfine field oftrum 3 with an hyperfine field of 1.94 T being smaller than
Bn=27.6 T to belong to the 8 nm thick BgNi go film which  the Fe;gMn 5, bulk field of 2.89 T(Table II). It corresponds

TABLE II. Fit results of sample 3XFesgMns-probe layey. IS with reference tar-Fe.

Fits to experimental data

B 1 IS Rel. contribution Interpretation
Subspectrum (T) (mm/9 (%) Assignment
1 27.5-0.2 0.02-0.02 5.2 NigFeso bulk
2 2.89+-0.1 —0.11+0.02 38.8 FgiMn 5 bulk
3 1.94+0.1 —0.07+0.02 36.5 2nd, 3rd ML
4 18.3+0.3 —0.02+0.03 5.1 Interface
5 7.8£0.2 —0.02-0.03 14.4 Interface
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TABLE Ill. Fit results of sample 4Nig,°"Fe,o-probe laye). IS with reference tar-Fe. Subspectrum 3:
AEg=—0.1 mm/s, subspectrum &Eq=+0.1 mm/s; subspectrum &E5=—0.01 mm/s.

Fits to experimental data

B 1t IS Rel. contribution Interpretation
Subspectrum (T) (mm/9 (%) Assignment
1 27.60-0.2 0.03:0.02 65.7 NigFe,o bulk
2 2.90+0.1 —0.08+0.03 14.0 FgMn 5 bulk
3 22.60-0.1 0.28:0.04 9.4 Interface
4 19.170.5 0.05-0.04 5.0 Interface
5 9.17£0.4 0.06:£0.05 5.9 Interface

to a 0.38 nm(1.8 ML) thick zone of the®>’FesgMn g, probe  curs on a scale not larger than 2 ML. This profile itself does
layer which will probably be the second and third ML with not exclude that the interface topology is described better by
respect to the interface. We note that a slight change of thiarge regions(terrace$ with a very sharp compositional
hyperfine field at sites in the second and third layer from arseparation between the two alloys. We note that Fig. 4 actu-
interface or surface is well known from band-structureally gives the absolute values of the hyperfine fields. For
calculations® and CEMS investigation€.:'® The range of Permalloy, the value is certainly negative, but forfuns,
those changes extends near interfaces between Fe and oth@d close to the interface the actual sign is not known.
3d metals up to a distance of about 4-5 ML's from the In order to check the consistency of this assumed profile
interface!® Band-structure calculations for a gPlig/Fe  with the weights of the various subspectra, and in order to
s5oMn 50 film system would help to clarify this point. obtain extra information about the interfacial intermixing we
Sample 4 was grown in order to monitor theghfie,;  calculate the composition of thi¢h monolayer. The starting
side of the interface. Its Masbauer spectrum is displayed in point of the analysis is the profile of hyperfine fields as dis-
Fig. 2(b), and Table Il summarizes the results of the decon-played by Fig. 4a). We calculated the weights andb; for
volution into five subspectra. Subspectrum 2 is assigned tthe relative NjjFe,, and FggMng, thicknesses from the
the FggMinsy film containing the natural abundance of weights of the subspectra assigned as “interface” in Tables |,
2.17% °Fe. Its relative intensity of 14.0% corresponds to all, and Ill (samples 2, 3, and)4The condition
film thickness of 3.6 nm in good agreement with the nominal
thickness of 3.5 nm. Subspectrum 1 comprises the response

of the 7 nm thick FgoNi g, film containing natural Fe and of 10—
a 0.74 nm(3.7 ML) thick part of the 1 nm thick’Fe,Nigg gol | FesoMnso samplef2 (a) 1
probe layer. As concluded from the intermediate values of - 7
the hyperfine fields, subspectra 3-5 are attributed to the 601 ]
NiggFedFesgMnsg interface. Their relative contributions add 40+ ]
up to 20.3% suggesting a very narrow interface zone with a % 20} intert. FegoNigo |
thickness<2 ML. While for subspectrum 5 almost no quad- ': ot ™~ 7/,
rupole interaction was observed, the fit yields for subspectra 5 . sample43 '(b) :
H : Q nd , qrd
3 and 4 a quadrupole interaction &fEy=V,,Q/2=—0.1 ® 80F ?7 +37ML . -
mm/s and+ 0.1 mm/s, respectively. The existence of a quad- E‘ 60 . % FesoMnso ]
rupole interaction supports the assignment of these spectra to 3 a0f i
the interface layer. In order to facilitate a comparison of the - L FezoNigy 1
different samples the results of the fit and the given interpre- e 20y interf i
tations are displayed in Figs(83—3(c). § ol : I S
© sample #4 b
- 80; ple # (C):
IV. ANALYSIS & ol FenoNigo ]
In order to more quantitatively analyze the results ob- 4(): intert ™~ |
tained for samples 3 and 4 we make the simplifying assump- 20 :Fe5°Mn5° ]
tion that the hyperfine field on Fe varies much less within a ot TR T
certain atomic plane parallel to the interface than in between 0 5 10 15 20 25 30 35
the neighboring planes. In Fig(& we show the assumed Hyperfine field By [T]

assignment of the experimental data to the various atomic

planes near the interface. There is some uncertainty as re-

gards to assigning the-22.6 and~19 T subspectra to the  F|G. 3. Hyperfine field distributions as derived from the fits of
same atomic layer, as will be discussed in more detail belowthe CEMS spectra ofa) sample 2 {'FesMn, reference (b)

It is thus assumed that the hyperfine field essentially changesample 3 {'FesMn s, probe layey and (c) sample 4(Nig, *'Fey,
within 2 ML which implies that intermixing, if present, oc- probe layey.
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30 sample 3 also give a good description for the concentration
a m profile of sample 2. A subspectrum wi;~8 T as it was
(@) found for samples 3 and 4 is missing in the results of the fits
= for sample 2. In our model it would contribute to the total
= 201 '] area by only=~1% and therefore has no statistical signifi-
~ | bulk bulk cance. For sample 4, however, the assignment of the sub-
E Ni, Fe,, Fe _Mn_ spectrum withB,~22.6 T to the same atomic layer as the
— 10} subspectrum witB,;~19.2 T leads to a significantly differ-
1 ent set of @;,b;) parameters. As shown in Fig.(4quarep
I this would imply that for sample 4 interfacial mixing was
A A2 confined to one atomic layer only. However in view of the
0 —_ uncertainty as regards to the assignment of the 22.6 T sub-
~ (b) spectrum we regard the analysis of sample 3 much more
S 1p=----- \ reliable. Our conclusion is thus that intermixing occurs
28 E i within an interfacial zone with a thickness of two atomic
L o8} A A layers.
o] \ .
~= 06} v\
<3 \i
o A
LYo 04 i\
2‘” A E\| V. CONCLUSION
@ 02F A\\\ M‘ We have found that the interface zone in between MBE
Y E—— N grown [111]-oriented NigFe,, and FegMns, layers, in

which the hyperfine fields deviate significantly from the bulk
values, has a width of only 2 ML. From this we can conclude
that even very close to the interface zone the magnetic mo-
ments in NggFe,o are not significantly different from their
bulk value. From the weights of the subspectra in the

Growth direction —

FIG. 4. (a) Hyperfine field distribution as a function of position
in the bilayer.B,; compiled from samples 2, 3, 48( A, H); (b)

compositional profile in terms of the weights (-, open sym- samples containing probe layers, it is concluded that nonin-
bols) andb (- - - -, solid symbol$ of the postulated interface P gp . y. ' a
monolayers. tegral Iayer—resolveq contributions of probe layé&Fe atoms
to the total occupations of the layer occur across the same
; thickness range of 2 ML. We believe that this is close to the
a;(NiggFey) + bj(FeMngg) =1 1) 9

sharpest possible compositional profile across the interface.
must be valid for all layers. The results are displayed in This result is expected to provide a clear constraint to future
Fig. 4b). The weightsa, b, describing the interface of models on the phenomena of exchange biasing.
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