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Fe/Cr interface magnetism: Correlation between hyperfine fields and magnetic moments
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The magnetic hyperfine fiel¢hff) in epitaxial Fe/C{001) superlattices on M@01) with different thick-
nesses of interfacialFe probe layers was measured by ddbauer spectroscopy. Self-consistent calculations
of the Fe and Cr atomic magnetic moments in the interface region were performed within the periodic
Anderson model for the same superlattice structure. Different kinds of interface roughness/interdiffusion were
modeled using special algorithms. For every kind of interface roughness the distribution of local magnetic
moments among the Fe atoms with a given number of nearest and next-nearest Cr neighbors was calculated.
We obtain a strong correlation between the experimental hff and calculated local Fe magnetic moments. Peak
positions in the hff distribution and correlated positions of maxima in the distribution function for local
magnetic moments are observed to be stable relative to changes in the alloylike interface roughness. We found
that the hff of~20 T must correspond to interdiffused Fe atoms inside the Cr spacer layers a few atomic layers
away from the ideal interface, contrary to earlier interpretations of Fe atoms at the atomically “flat” interface.
As a measure of the Fe-Cr interface roughness on an atomic scale our results suggest an enhanced hff in the
second Fe layer below the ideal interface in case of atomically smooth interfaces with large flat terraces.
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I. INTRODUCTION methods became one of the principal topics for the Fe/Cr
systems.

Fe/Cr overlayers, sandwiches, and magnetic superlattices Most of the experimental techniques give only indirect
are the classical systems where recently a nhumber of newmformation about chemical and magnetic roughness of the
phenomena important both for understanding of the nature dhterfaces on an atomic scale. Averaging over the whole in-
low-dimensional magnetism and for application in micro-terface region or even on several interfaces in multilayers
electronics have been discoveredmong these new phe- makes it difficult to reconstruct the microscopic interface
nomena are short- and long-range oscillations of exchanggfructure from the experimental data. Only recently several
coupling, giant magnetoresistan@®MR), and noncollinear experimental approaches were reported that allow to find the
magnetic ordering in the superlattices. It is well established@yer-by-layer distribution of Cr and Fe atoms for a Cr over-
now that most of the properties of the Fe/Cr systems crulayer on the Fe surface. Scanning tunneling microscopy
cially depend on the interface structure on an atomic scaldSTM) investigations, in combination with tunneling spec-
which is determined by the very delicate conditions of thelf0SCOPY, showed the formation of an interfacial Cr-Fe alloy
sample preparation: temperature during the epitaxial growttnat is observed as a distribution of single atomic Cr impu-
quality of the substrate, etc. Spatial defeteps at the in- rities dlspersgd in the Fe substrate in the submpnolayer-
terface, embedded atoms and clusters of Fe in Cr and Cr if° 29€ regimé, or FeCrso surface alloy formation of

Fe, pinhole defecjswhich cannot be avoided during sample submonolayer Fe on 01 after annealing. Proton- and

. . . L lectron-induced Auger-electron spectroscoppd angular
preparation, not only modify the magnetic charac.terlstlcs Ofraesolved Auger elechron stud?easalse) unambigzouslf con-
the whole system but often prove to be responsible for th‘?irmed the presence of interface alloying during growth of Cr

new properties, being of large practical importance. Accordy | o However, all of these methods work only for a Cr
ing to Ref. 2 the bilinear exchange coupling in Fe/Cr trilay- oo\ /erage of less than a few monolayers, and they cannot give
ers can be changed by as much as a factor of 5 by varying th&formation about the magnetic roughness associated with
substrate temperature during the growth of the first Cr atomighe chemical roughness of the interface. Quantitative atomi-
layer. In situ magnetometry measurements demonstrated ga|ly resolved information on magnetic moments near the
very large decrease of the macroscofiltegra) moment interface may be derived, in principle, from an analysis of
during Cr evaporation on smooth Fe surfaces, whereas fahagnetic hyperfine fieldénff) that are obtained, in particu-
rough Fe surfaces no change of the integral moment walgr, by using M®sbauer spectroscopy'® By introducing a 1
observed at aff. All the theories of noncollinear magnetic to 2-monolayer(ML)-thick 5/Fe probe layer at the Fe/Cr
ordering in Fe/Cr systerfipresuppose the existence of spa-interface, one can obtain local information about the distri-
tial defects, which are the real reason for noncollinear strucbution P(By,) of the hff in this region. The existence dfFe

ture formation. Therefore, investigation of roughness, interatoms with various magnetic moments and with different
diffusion, their dependence on the growth condition, and théocal environments near the Fe/Cr interface leads to the ap-
control of the interface structure using different experimentapearance of satellite lines in the Bsbauer spectra. How-
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ever, the interpretation of these data for low-dimensional
FelCr structures is very complicated and an ambiguous prob-
lem. The total hff can be conveniently decomposed into the !
contribution from the valence & electrons and into the _::ﬁ:
contribution from the core electrons, polarized by the local- ..g.-
ized magnetic moment on a givefFe atom. For the bulk 4
materials it is generally accepted that the hff scales approxi-jiz_
mately with the magnetic momehtFor surfaces, interfaces, ..¢..
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and multilayers such an approach can be applied only for the- -#--

core contribution, whereas thes gart has to be investigated "

separately in every concrete cdse. -
Surprisingly, for most of the Fe/Cr multilayer structures --m--

the spectral positions of satellite dsbauer lines do not dif-

fer very much?~!® although all other characteristics like 0.8

GMR, parameters of exchange coupling, etc., as a rule, are

very different. Comparison of hff distributions for Fe-Cr in- Me, (1)

terfaces in the multilayers and for the Fe-Cr random alloys FIG. 1. Distribution of hff peak positions in Fe/Cr

has led to the conclusion that as a first approach the interfacg, .1 res (upper abscis3a The SFe-probe-layer thickness is

region can be considered as a bulk alloy with varying CONYynderlined. Hatched square with cross atul5 calculated local

centration. For the treatment of Msbauer spectra most in- Fo moment antiparallel to overall magnetization direction.
vestigations follow the emplrlcal procedure, which was Su9'1—W(110)/Cr(110): 40 ML/Fg(110::3 ML +2 ML +21 ML+2 ML
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gested initially for the description of random allo{sThe 3 ML/Cr(110) (Ref. 12: 2—W(110)/C(110):

hff, By, on the Fe atoms is assumed to decrease linearly ino ML/Fe(110:3 ML +25 ML+3 ML/Cr(110) (Ref. 12;
magnitude with the number of the nearest neighim) @nd  3—Ww/(110)/C(110):40 ML/Fe(TO):%+4 ML +3 ML/Cr(110
next-nearest neighbong) Cr atoms: (Ref. 12; 4—W(110)/C(110:40 ML/Fe(110):6 ML/Cr(110),
(Ref. 12; 5—W(110)/C(110:40 ML/Fe(110):4 ML/Cr(110),

By=B(bulk)+n, B;+n,B,, (1)  (Ref. 12; 6—W(110)/CK110:40 ML/Fe(110):3.3 ML/Cr(110),

. W (Ref. 12; 7—W(110)/CK110:40 ML/Fe(110):2 ML/Cr(110),
where B; (By) is the contribution to the hff from one Cr gt 12;  8—SilFe-6 nniCr-1.1 nm/Fe-3 nix60/Cr-1.1 nm
atom in the first(secondl shell around the Fe atom under (Ref. 15'; 9—MgO/F400D/Cr(001), (Ref. 14; 10—

consideration. Improvement of the resolution of the measureygo/cr(50 A)[Fe100:3 ML +8 ML+3 ML/Cr(100],,,  present

ments and development of the epitaxial growth techniqueg,ork (sample 1 11—MgO/CK50 A)/[Fe(100):
offered the opportunity to refine the alloy model. For thep 7 ML+8 ML/Cr(100], present work(average of samples 2):4
description of the set of hff, Klinkhammet al° suggested 12— MgQ(100/40 nm Cr?"Fe(100)2 ML/%Fe:2 nm/Cr:4 nm,
the following relation: (Ref. 10; GaAg100/Fe:1 nm/Ag 150 nnifFe:4 nm?’Fe(100):

2 ML/Cr:1 nmP%Fe 4 nm; 13—magnetic moment calculations
Bpi=Bpi(bulk)+n; B;+n,;B,+AB+AB(j-5. (2)  within PAM (present work (lower abscissa

Besides, of the fitting parameteBg=2.5 T andB,=2.05T, W(110) substraté® Interpretation of CEMS spectra using
which give the hff changes per Cr neighbor similar to thethe empirical approach Eg@l) or Eq.(2) leads for the same
simple alloy approach of Ed1), this relation contains two set of hff to different conclusions about the local environ-
additional parametersAB=—1.75 T, which the authot8  ment of5Fe atoms, their numbers of nearesi) and next-
connected with the broken spatial symmetry in the transversgearest 11,) Cr neighbors and, consequently, to the distinct
direction; andAB-,=—1.2 T, when(n;=0, n,=1) and  spatial structure of the Fe/Cr interface region. The micro-
equal to zero otherwise. Note, that=0, n,=1 corresponds scopic analysis of Fe/Cr interface magnetism, taking into ac-
to an Fe atom in the second atomic Fe layer below the idealount roughness and interdiffusion, then becomes very im-
Fe/Cr interface. Taking into account thaj; (bulk) is nega-  portant for understanding the real physical information that
tive (—33.3 T at room temperaturewe obtain from Eq(2)  can be extracted from CEMS data.
an enhancement of the magnitude By for these atoms. Most of the calculations of magnetic-moment distribu-
Such an enhancement was detected experimentally only faions in intermixed Fe/Cr layers of multilayer systems were
molecular-beam grown epitaxial samples with smoothrestricted to the ordered structure of the interface and to the
interfaces:®!?> and was never reported for sputteredvery thin interface region, which include usually one to two
multilayers!'1°1¢ monolayers. Coehoothperformed the first-principal band-
Figure 1 illustrates schematically the distribution of dis- structure calculations fq110)- and(100-oriented Fe/Cr su-
crete hff values that were obtained for Fe/Cr interfaces byperlattices with intermixed monolayers at the interfaces. He
different groups using conversion electron $8bauer spec- concludes that Fe and Cr moments at the Fe/Cr interface
troscopy(CEMS). We underline again that the enhanced hff show almost no dependence on the nearest-neighbor environ-
in the subsurface Fe layer exists only for smooth interfaceanent. A change of the Fe concentration in the interface layer
and that its intensity is larger for those cases where interdifmainly affected the Fe moments in the Fe layer one atomic
fusion is minimized or suppressed, e.g., like in the case of éayer below the mixed layer. This is not very surprising,
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because for a bcc lattice and f@00) interface orientation tion of electron emission from rough surfaces, the calculated
atoms do not contain nearest neighbors in the same layer, batagnetic structure of a nonideal Cr/Fe overlayer gave rea-
only in the previous and next layers. The moments in thesonable agreement with experimental results by Knabben
second and third layers below the mixed interface proved t&t al?

be already quite independent of the concentration in the In the present work we will use the same theoretical
mixed layer, although they were found to be slightly above@pproach for the calculation of magnetic moments in
the calculated value for bulk (2.26). Freysset al?® mod- ~ F€/CX001) superlattices with different types of interface
eled an interfacial alloy by either a one- or a two-monolayer/oughness, and we investigate the correlation between the
thick ordered compound whose concentration was Varieoc.alculated magnetic structure and experimental hff distribu-
They performed self-consistent calculations within a tight-t'ons' . . .
binding model Hamiltonian for a Cr overlayer on an Fe sub- The paper is organized as fOHOWS.' In Sec. Il, the experi-
strate, and showed that the more Cr and Fe interdiffused £E1ental procedur_e of sample preparation and CEMS measure-
the interfacdinside two mixed layebs the more important is ments are described. In Sec. Ill we discuss the modeling of

the decrease of the sample magnetization due to Cr CoveragI € interface roughness and interdiffusion by different ran-

All these approaches, which presuppose ordered interfad om 'algorithm_s. In Sec. IV_the r_esults of self-consistent cal-
' culations for interfaces with different roughness are pre-

layers instead of real rough interfaces, can give only a quali- ;
tative picture of the interference between magnetic an ented. I_n _Sec. v we discuss the app_roach of Ejsand(2)
or hff within the light of our calculations, and we compare

chemical structure. The role of interface chemical orderin a0netic-moment distributions for different rouah interfaces
as well as of the sensitivity of the calculated magnetic prop- . 9 . X Y )
with experimentally observed hff. Finally the paper is con-

erties on this assumption needs special consideration. luded in Sec. VI
The magnetic structure of disordered rough Fe/Cr inter<uded I Sec. Vi.
faces was investigated on an atomic scale thhin the periodic Il EXPERIMENTAL PROCEDURE AND RESULTS
Anderson mode(PAM) in Ref. 21. Self-consistent calcula-
tions of magnetic moments were fulfilled for the set of rough  Fe/C(001) superlattices were epitaxially grown by ultra-
interfaces modeled in the ballistic approach using the specidligh-vacuum deposition of the metals on epipolished
algorithm “epitaxy.” This algorithm allows one to simulate MgO(001) substrates. The substrate surface was cleaned us-
random Fe/Cr multilayer structures with different, but con-ing isopropanol and(after insertion into the ultrahigh-
trolled, alloying at the interface region. Magnetic charactervacuum systerheating at~900 K for 1 h toremove surface
istics of the Fe sample covered by thin Cr films, which werecontaminants and to anneal the surface. At a substrate tem-
measured by different experimental methods, then can bgerature 0f~900 K a 50-A-thick Cr buffer layer was grown
modeled using an appropriate averaging procedure. In suchan MgO first. Preparing the buffer layer at this temperature
way the roughness-induced transition from the oscillation begave the best results for epitaxial growth of Fe on Cr. Sub-
havior to the exponential decrease of the total magnetic masequently the Fe/@01) superlattice was grown at 433 K at
ment of the Fe sample with Cr coverage was described the@ pressure<5x 10 °mbar. This growth temperature pro-
retically in Ref. 21. This transition takes place with vides good epitaxy and is below the growth temperature of
increasing interface alloying, governed by the parameters 0500 K, where severe long-range Fe-Cr interdiffusion
the epitaxy algorithm. An exponential decrease of the totabccurs® High-purity materialgnatural Fe: 99.9985 at. %, Cr:
moment was detected experimentally by Turtur and99.999 at. %:>’Fe: 95.5% and®Fe: 99.5% isotopically en-
Bayreuthet using magnetometer measurements. In Ref. 22 siched were evaporated from resistively heated Knudsen
similar approach was used for the description of magneticells with deposition rates of 0.2—-0.3 A's as measured by
dichroism and spin-resolved photoemission data from rouglealibrated quartz-crystal oscillators. We have investigated
interfaces. Together with the simplified theory for descrip-four types of samples of different composition:

MgO/Cr(50 A)/[°"Fe(3 ML)/"¥Fe8 ML)/°’Fe&(3 ML)/Cr(8 ML)]x10 (sample 1
MgO/Cr(50 A)/[°"Fe(0.7 ML)/"®Feg(8 ML)/Cr(8 ML)]x40 (sample 2
MgO/Cr(50 A)[>Fe(0.7 ML)/"¥Feg(8 ML)/Cr(8 ML)]x200 (sample 3

MgO/Cr(50 A)/[°"Fe(0.7 ML)/*®F&(8 ML)/Cr(8 ML)]x200 (sample 4.

In sample 1, 3-ML-thick®’Fe probe layers were artifi- 0.7-ML (1 A)-thick 5’Fe probe layers were deposited at one
cially placed at both types of interfac€se deposited on type of interface only(“dusting” of the Fe/Cr interfaces
Cr(=Fe/Cr, “lower” interface and Cr deposited on Fe The probe-layer methé4?® provides an®’Fe nuclear reso-
(=Cr/Fe, “upper” interfacg). In samples 2-4, ultrathin nance(Mossbauersignal predominantly fromi’Fe atoms in
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FIG. 2. Low-angle XRD intensity measured @ sample 1(b) 40 60 8'0 ' 160
sample 3. The order of the Bragg diffraction peaks is marked by 20 [°]
numbers. Note that the second-order peak is forbidden for sample 3
(CuK, radiation. FIG. 3. High-angle XRD intensity measured @ sample 1(b)

sample 3. The arrows ifb) mark the first-order satellite peaks

the interface region in samples 1-3, and exclusively in thebserved around thR00) Bragg peak of Fe(Note that the second-
interface region in sample 4. order satellite peaks are forbidden for sampleThe strong peaks

The multilayer structure of our samples was qualitativelynear 43° and 93° belong to tt{200) and (400 reflections, respec-
characterized by conventionéb—26) low-angle and high- tively, of the Mg001) substrateCu K, radiation.
angle diffraction (XRD). Representative XRD results are )
shown in Fig. 2(low angle and Fig. 3(high angle for Mossbauer CEMS spectra were measured at room tem-
sample 1 and sample 3. The samples with a low number agperature(RT) using a He/ClHilled proportional counter and
stacked Fe/Cr bilayer®.g., like sample Jigenerally exhibit ~a >’Co-in-Rh source. The incident radiation was perpen-
first- and second-order low-angle superstructure Bragg peak$icular to the sample surface. Typical CEM spectra of
and intensity oscillations from total thickness interferencesamples 1-4 are shown in Figa#4(d), respectively. As
[Fig. 1(a)]. Due to the large total thickness these oscillationscompared to the simple Zeeman sextet of ferromagnetic bulk
disappear in samples with a high number of bilaydilse ~ bcc Fe, the spectra in Fig. 4 exhibit distinct shoulders and
sample 3; but a strong first-order and weaker third-order extra peaks as a result of changes of thee hff that are
low-angle superstructure peak is obseryEmy. 1(b)]. (Note  induced by neighboring Cr atoms in the interfacial
that the second-order superstructure peak is forbidden fot'Fe-probe layers region.
sample 3, because the individual Fe and Cr thicknesses are The CEM spectra were least-squares fitted with two hff
about equa). These observations demonstrate that oudistributions ranging from 0 to 18 Tlow-field region and
samples have flat surfaces and good multilayer qualityfrom 18 to 35 T(high-field region for sample 1, and from O
which is preserved even up to a thickness of 200 bilayerso 15 T (low-field region and from 15 to 35 T(high-field
(e.g., like sample B In high-angle XRD(Fig. 3), the (2000  region for samples 2—-4. For the fitting, theorRMOS com-
(and no otherBragg reflection of bcc Fe was detected. Theputer program by Brarfd was used, which is based on the
typical full width at half maximum(FWHM) of the rocking  histogram method by Hesse and HRutscr?’ In order to
curve (not shown of this peak was found to be about 2° for achieve satisfying fitting, a linear correlation between hff and
all samples. These results demonstrate the single-crystalliigomer shift had to be assumed, and, further, the line-
(epitaxia) nature of our samples. Typically two first-order intensity ratios of the basic sextets in the hff distributions
satellite peak$arrows in Fig. 3b)] around the fundamental were supposed to be 3:4:1, implying Fe-spin orientation in
(200 reflection of bcc Fe were observed in samples with athe film plane.
large number of bilayersge.g., like sample B8 (Again, the The hff distributions,P(By), are shown in Fig. 5. The
second-order satellite peaks are forbidden for sample 3high-field distributions of all samples exhibit six pronounced
These observations provide a proof of the high superlatticenaxima, located aB.;=33.1, 30.6, 28.0, 25.2, 22.7, and
quality of our samples up to 200 bilayers. However, for19.6 T, respectively, for sample 1, and By;=33.2, 30.3,
samples with a low number of bilaye(s.g., like sample 1 ~ 27.9, 25.0, 22.6, and 19.7 T for samples 2a¥eragedl An
satellite peaks aroun(200 are difficult to detect, as ex- additional peak at 16.9 T is observable in Fig. 5 for samples
pected[Fig. 3(@]. According to magnetization hysteresis 2—4 only, which have a smaller average probe-layer thick-
loops (not shown, the samples exhibit zero remanence, i.e.,ness(0.7-ML °’Fe) than sample 1(3-ML °’Fe). The ob-
strong antiferromagnetiAFM) interlayer coupling? as ex-  served hff value of 33.2 T is equal to the bcc-Fe bulk value,
pected for 8-ML Cr layers. By (bulk), at 300 K, and evidently is associated witfire
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FIG. 4. CEM spectra of Fe/@@01) superlattices, measured 9 . L
at 300 K: (@ sample 1:[57F&(3 ML)/ Fe8 ML)SFe(3 ML)/ by Landeset al.” the experimental hff of 20.9 Twhich is

Cr(8ML)]x10; (b) sample 2: [57Fe(0.7 ML)/natFe(B ML)/ -Close to Ol-,lr 197-T Vall)aNaS :Sttnbuted to the |dedﬂat)
Cr8ML)]x40: (c) sample 3: [SFe0.7ML)MFeggML)  Interface site, while Schaelt al.™ assigned a value of 19 T
Cr8ML)]x200: (d) sample 4: [Fe0.7ML/SFegg ML)y  for this site. In a refined analysis Klinkhammet al*® re-
Cr(8 ML)]x 200. Full-drawn curves: result of least-squares fit with Ported a value of 23.0 T for the idedllat) interface site
distribution of hyperfine fieldsP(By). (n;=4,n;=1 or (4/1) site).

It is remarkable in Fig. 5 that the low-field(By,;) distri-
atoms in a “bulklike” environment without nearesin{  butions contribute only very littléabout 3% or legsto the
=0) or next-nearestn,=0)Cr neighbors. Note in Fig. 5 total area of the hff distributiorfor to the total area of the
that the relative intensityrelative arepof this bulk peak is Mossbauer spectraln particular, there is a neglible contri-
remarkably higher for sample (#0%) than for samples 2, 3, bution neaB,;~0 T of a paramagnetic subspectrum for our
and 4 (19, 19.5, and 15.9%, respectivglyas is expected samples, such as it arises for paramagnetic isolated Fe atoms
regarding the larger probe-layer thicknd§&sML °Fe) of  in a bulk Cr matrix.
sample 1, and assuming the same degree of slight and un- In Fig. 1 we compare the hff values at the observed
avoidable intermixing of°Fe and®’Fe on an atomic scale of maxima inP(By) of our samples with corresponding results
1 to 2 ML>%%n all types of samples. The weakest 33-T peakreported in the literaturé&op abscissa in Fig.)1Obviously,
(relative area 15.9%is observed in the distribution of there is reasonable agreement regarding certain hff values in
sample 4Fig. 5a)], becaus€’Fe does not exist in the cen- our samples, in molecular beam epita®BE)-growr?10:14
tral part of the>®Fe films. Conversely, one should notice in and sputtered samplé3and even in MBE-grown samples
Fig. 5 the strikingly higher relative intensity of the hff dis- with (110 orientation*? Not included in Fig. 1 are hff dis-
tribution peak at 19.7 T for samples 2—4, as compared tdribution peaks of sputtered Fe/Cr superlattices on $D)
sample 1. Since only the relative intensity of the individualthat were observéfiat B,.=33.3, 30.7, 26, 22, 20, and 10 T
hff distribution peaks(or of the individual subspectras  and are negligible near zero-Hffaramagneticcontributions
modified by changing the&’Fe-probe-layer thickness, andt  (at B+<~ 1.0 T), similar to our case. We like to emphasize
their individual positions, eacR(By) peak originates from again that the enhancédthrger than bulk By value, which
a certain characteristi¢’Fe environment(site) within the  appears to be characteristic of the second Fe layer below the
Fe-Cr interfacial region. For instance, according to the modeideally flat Fe/Cr interface, has been convincingly detected
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only in molecular-beam grown epitaxial Fe/Cr systems with ¢
relatively smooth interfaces®'2 The enhanced hff was
observed neither in our UHV-deposited superlattices, nor in
sputtered Fe/Cr system5!®>1very likely due to a larger
interface roughness as compared to MBE-grown structures.

IIl. MODELING OF THE ROUGH INTERFACES

The evolution of a growing interface is a very compli-
cated phenomenon that depends on the internal interaction:
between atoms as well as on the number of external 2
factors?® For the Fe/Cr systems, where both elements have
almost the same lattice constant, alloying processes cannoy ERS
be completely avoided. Epitaxial growth leads to an interface
structure that, as a first approach, can be considered as
superposition of steps and an alloy with varying concentra-
tion. It is also important that the process of alloying may be
substantially nonsymmetric: this is essential, when the sub-
strate material has a lower melting temperature than the ada:
tom materiaP® This will be the case for evaporating Cr on
Fe, but for Fe on Cr alloying should be suppressed. How-
ever, for the rough Cr surface alloying after Fe deposition i
also can occur. The scenario of alloying as well as the resul
of this process at different interfaces in Fe/Cr multilayers can
be essentially different.

For the investigation of the magnetic-moment distribution
near the rough Fe/Cr interface, and for further comparison of FIG. 6. Modeling of stepped interface.
it with the distribution of hff obtained from the CEM spectra,
we developed several random algorithms that allow one t&4X 1 cell with periodic boundary conditions. The total
create the superlattices with different types of interfacdength of the cel(64 site$ was divided into an even number
roughness. The period of all superlattices was taken equal tf equal intervald.; [Fig. 6(@)], wherel ; is the parameter of
22 monolayers: 8-ML Cr and 14-ML Fe, in order to obtain the algorithm. Then, for every pair of neighboring intervals a
the structures, similar to the ones studied in the experimentandom number<L, was chosen, anldsuccessive interface
(Sec. ). We also used different kinds of Fe atofsges for Fe atoms from the first interval have been exchanged with
comparison with Mesbauer results, when only hff at the successive interface Cr atoms from the second int¢Rigl
5’Fe nuclei are measured. Taking into account that in ouB(b)]. The position ofl atoms inside the interval, was
experiments we used about 1- and 3-ML-thitlEe-probe  taken as random. As a result we obtained the stepped inter-
layers in the interface region, for the modeling of such aface where one-ML high upsteps alternate with one-ML high
system we create superlattices with period (BedIL)/Fe22  downsteps, and the lateral size of every step does not exceed
ML)/Fe38 ML)/FeA2 ML)/Fe4l ML)/Cr(8 ML). Here, L [Fig. 6(c)]. Obviously only atoms Fel and Fe4 can be in
through the label Fel, Fe2, etc., we denote the differenthe mixed Fe/Cr layers. Decreasing the paramiejdeads to
kinds of Fe atoms within an individual Fe layer of the Fe/Crthe formation of interfaces with larger density of steps per
multilayer. All of these Fe atoms are fully identical and haveunit of length. In the direction perpendicular to the plane
the same set of parameters in the model Hamiltonian, but theirection the system stays spatially homogenous. Modeling
distribution of magnetic moments can be obtained not onlyof every superlattice was repeated 20 times to obtain the
on all the Fe and the Cr atoms, but also separately on the Fdistributions that do not depend on concrete realization.
atoms of a given type. For example, for comparison of the Alloying and interdiffusion have been simulated in the
hff distribution measured for the superlattice with 3-M{Fe  ballistic regime using the algorithm epitaxy?? This algo-
at every “Fe/Cr” and “Cr/Fe” interface with the calculated rithm fills the prism with cross section>88 atomic sites by
distribution of the magnetic moments, we have to find theFe and Cr atoms. Outside the prism the structure was re-
magnetic moments localized on Fel, Fe2, and Fe4 sitepeated periodically. The height of the prism was taken as 30
whereas for a superlattice with only 1-Mi’Fe at the Cr/Fe layers, but only 22 layers were cut for self-consistent calcu-
interface we need the magnetic moments of Fe4 atoms. lations of magnetic moments to reproduce the superlattice

Interface roughness was introduced into the model by twatructure with period 22 ML. Initially, the bottom layer of
kinds of random procedures: the first one produces atomithe prism was filled by Fe3 atoms, and all the other sites
steps at the interface, whereas the second one models inténside the prism were empty. Then new atoms are thrown on
face alloying and interdiffusion. For modeling of the steppedthe top level of the prism with a random procedure, and the
interfaces we started from the ideal superlattice, where all thepitaxy routine provided their descending through empty
layers contain only Cr or Fe atoms. In the plane we used aites in the bcc lattice until the sliding is blocked. Transfer of
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and Fe atoms using two different procedui@son an empty
place we put Fe, if most of the nearest-neighbor sites are
filled by Fe, and in the opposite case this place was filled by
Cr; (ii) all the empty sites were filled by Fe atoms. For pro-
cedure(i) additional Fe atoms cannot appear inside the Cr
spacer. The concentration of Fe in Cr and Cr in Fe decreases
toward zero away from the interface. Due to the relatively
thick interface region we will call such an interface as
“rough.” Procedure(ii) gives the structure with a constant,
although relatively small, Fe concentration far enough from
the interface. In the following such a structure will be de-
noted as “rough-alloy.”

Note that our epitaxy algorithm corresponds to the “bal-
listic deposition” in the theory of epitaxial growtH. Vari-
antsA andB of the algorithm move or stop atoms depending

FIG. 7. Modeling of alloying using the epitaxy algorithm.  on the number of bonds with its nearest neighbors that the

deposited atom has. This can be considered as a simplified

atoms from one layer to the next layer occurs with equaf‘bond counting” approach.
probability to any of the nearest-neighbor sites. If we put on The distribution of Fe atoms, which have given numbers
the top of the prism 64 Ng. atoms of Fe and after that of Cr nearestif;) and next-nearesing) neighbors, is pre-
64xXN¢s, atoms of Cr we will obtain the structure sented in Table I for different kinds of rough interfaces. The
Cr(N¢,)/Fe(Ngo with a rough interface. Taking into account left column in the table specifies the local environment of Fe
that the surface layer is not fully filled by the atoms, weatoms,n;/n,. For every structure we depicted the numbers
throw away a few top and bottom layers and put periodicfor the whole Fe atom§), for the Fe atoms from the 3-ML-
boundary conditions for the remaining layers in the prism. Inthick interfacial layers at every Fe/Cr and Cr/Fe interface:
such a way we obtain a Fe/Cr superlattice with rough Fe/CFe&(1)+Fe2)+Fe4) (11), and for 1 ML at the Fe/Cr interface:
and Cr/Fe interfaces. Every such modeling was repeated 20e(4) (Ill). Note that for the structure “roughalloy” addi-
times, like in the case of the stepped interface. tional Fe atoms, which appear inside the Cr spacer, instead

Figure 7 shows the random walk of the atom in the bccof empty places were taken as(Bge and inside Fe layers as
lattice. Empty circles depict sites that are not filled by atomsFe(3).

The atom stops its movement, if all four possible next posi- Simple analysis of the data in Table | shows that the frac-
tions are blocked. If only part of these four position is tion of Fe atoms with a given local environment is strongly
blocked, the atom may either continue its descent with probeonnected with the type of interface roughness. Stepped in-
abilities p; through each empty site or it may stop at a par-terfaces contain only Fe atoms in 0/0, 0/1, 2/1, 2/2, 4/1, 4/2,
ticular site with the probability +3;p;. The quantitiegp;  and 4/3 configurations, and all Fe atoms that have Cr neigh-
have been taken to depend on the amount of blocked pathors lie in the 3-ML-thick interface layers. Among atoms
The set ofp; values is the input parameter of the epitaxy from first interface layers there are no bulklike ato{®%). It
algorithm. Differentp; values lead to distinct surface and means that for such stepped structures with 1-Vie at the
interface structures. In our modeling we used two sets, of  interface the bulk contribution to the hff has to be almost

(A) pi=1/n, wheren is the number of empty nearest- fully suppressed. Comparison of the distributions for 1- and
neighbor sites in the next layer. In this case the atom i$-ML-thick interface layers demonstrates that, depending on
forced to move, if at least one of the nearest sites in the nexthe size of the steps, different configurations become more or
layer is empty. Surfaces and interfaces generated by the dess probable. In particular, fé, =16 one can find Fe atoms
gorithm epitaxy turn out to be relatively smooth. The width in the 4/1 state much more often than in the 4/2 state. For
of the interface region, where there are both Fe and Cr ato=4, the corresponding ratio among these Fe sites from the
oms, does not exceed 3 to 4 ML, and the sample does n&ML-thick interface is not far from unity, and it becomes
contain any empty sites in inner layers. We will identify suchless then unity for the atoms in the 1-ML-thick interface.
an interface as “smooth.” The structure with interface alloying is characterized by a

(B) pj=1/4 for n=1 and forn=2; p;=1/3 for n=3.  wider atomic distribution between states with different local
Here, the atom can stop its descent, if there are only one @nvironments. This distribution expands with increasing
two available sites in the next layer. The interface structuréoughness due to Fe atoms that penetrate deeper into the Cr
proves to be more irregular with some hollow sites and in-spacer and fill the states with a large number of Cr neigh-
terface mixing of Fe and Cr atoms in a 7- to 10-ML-thick bors. Whereas for the “smooth” interface only Fe atoms
region. with n;<4 are present, for the rougher structures there are

To simulate interface intermixing of Fe and Cr atoms westates with all possible numbers of Cr nearest neighbors up
used theB variant for Fe-on-Fe and Cr-on-Cr growth and theto eight. The number of nearest neighbor Cr atomsand
A variant for growth Fe on Cr and Cr on Fe. However, evennext-nearest neighbons, is also correlated for the rough
S0, some empty sites remained in the inner layers. To remowv&ructure under investigation. For eveny there isn3,
these pores inside the sample we filled empty places by Grhich corresponds to the most probable configuration with a
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TABLE I. Simulated distribution of Fe atoms that have given number of neamg$tand next-nearesing) Cr neighbors for different
kinds of rough interfaces. Left column: local environment of Fe atoms, labeléd,. For every structuréstepped, smooth, rough, or
rough+alloy interface the numbers for all of the Fe atontb, for Fe atoms from 3-ML-thick layers at every Fe/Cr and Cr/Fe interface
[Fe(1)+Fe4)](1), and for 1 ML at the Cr/Fe interfadé-e4)](lll) are depicted.

Stepped_,=16 Stepped_,=4 Smooth Rough Roughalloy
Config. I 1] Il | 1] ] 1l Il | I 1

0/0 1919 3835 0 1922 3864 0 19200 3915 17 13908 4064 90 14034139 97

5 4 5
0/1 3600 3600 489 2911 2911 386 2197 2123 95 1569 1078 95 1625 1108 109
0/2 0 0 0 0 0 0 0 0 0 75 56 0 144 102 1
1/0 0 0 0 0 0 0 0 0 0 986 599 72 1226 771 99
1/1 0 0 0 0 0 0 1169 1168 145 1461 1128 188 1415 1075 198
1/2 0 0 0 0 0 0 0 0 0 364 283 44 423 304 58
1/3 0 0 0 0 0 0 0 0 0 48 37 4 87 58 7
2/0 0 0 0 0 0 0 0 0 0 145 103 21 267 207 56
2/1 431 431 91 1427 1427 239 863 863 196 835 658 220 847 679 239
2/2 49 49 29 431 431 241 74 74 20 615 480 145 616 466 159
2/3 0 0 0 0 0 0 0 0 0 203 152 36 249 158 46
2/4 0 0 0 0 0 0 0 0 0 24 17 5 64 42 16
3/0 0 0 0 0 0 0 0 0 0 3 1 1 64 50 12
311 0 0 0 0 0 0 824 824 295 400 317 108 437 355 129
3/2 0 0 0 0 0 0 317 317 119 601 462 159 541 434 174
3/3 0 0 0 0 0 0 50 50 24 397 300 93 421 325 137
3/4 0 0 0 0 0 0 0 0 0 108 76 24 200 128 57
3/5 0 0 0 0 0 0 0 0 0 8 7 3 46 23 16
4/1 3177 3177 1098 1592 1592 462 662 662 295 71 56 16 103 93 27
4/2 415 415 207 1211 1211 607 658 658 295 276 223 75 293 259 133
4/3 8 8 2 108 108 47 400 400 194 407 336 113 415 362 220
4/4 0 0 0 0 0 0 303 303 147 283 225 74 323 280 197
4/5 0 0 0 0 0 0 163 163 78 69 55 21 166 146 126
4/6 0 0 0 0 0 0 0 0 0 0 0 0 22 18 18
5/1 0 0 0 0 0 0 0 0 0 4 4 0 24 24 11
5/2 0 0 0 0 0 0 0 0 0 37 36 11 90 89 56
5/3 0 0 0 0 0 0 0 0 0 154 136 50 266 265 197
5/4 0 0 0 0 0 0 0 0 0 220 197 82 333 333 288
5/5 0 0 0 0 0 0 0 0 0 106 88 40 285 285 267
5/6 0 0 0 0 0 0 0 0 0 7 6 1 82 80 80
6/3 0 0 0 0 0 0 0 0 0 14 13 4 92 92 79
6/4 0 0 0 0 0 0 0 0 0 67 65 25 262 262 246
6/5 0 0 0 0 0 0 0 0 0 82 80 40 340 340 333
6/6 0 0 0 0 0 0 0 0 0 11 11 5 196 196 195
713 0 0 0 0 0 0 0 0 0 0 0 0 26 26 25
714 0 0 0 0 0 0 0 0 0 7 7 5 124 124 123
715 0 0 0 0 0 0 0 0 0 22 22 19 250 250 250
716 0 0 0 0 0 0 0 0 0 14 12 10 208 207 204
8/4 0 0 0 0 0 0 0 0 0 1 1 1 28 28 28
8/5 0 0 0 0 0 0 0 0 0 6 6 4 79 79 79
8/6 0 0 0 0 0 0 0 0 0 24 22 16 99 99 99

given n,;. With increasingn, the valuen} also monoto-
nously increases. Among the atoms within 1 ML at the in-
terface the state without neighboring Cr atof@f)) for the

case of stepped structures.

IV. DISTRIBUTION OF MAGNETIC MOMENTS

FOR INTERFACES WITH DIFFERENT ROUGHNESS

Calculations of the magnetic moment distribution were
alloyed interfaces is also suppressed, but not fully like in theperformed within the PAM in Hartree-Fock approximation
by the real-space recursion mettfdd® For numerical calcu-
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next-nearest neighbor Cr atoms we plotted the distribution of
“ magnetic moments among the atoms that have a given num-
ber of Cr neighbors. Analysis of these dependencies for the
stepped interface shows that enhancement of the magnetic
moments takes place mainly for Fe atoms in the 0/1 state.
Note that similar enhancement of magnetic moments for the
Fe atoms inside clusters and pinhole defects embedded into
wwnrs the Cr matrix was observed in Refs. 30, 33, and 34. This
moment enhancement is correlated with hff datat?>where
for the second Fe layer below the ideal interface an enlarged
so0 L hff was assumefsee Eq(2)]. There is, however, also a very

small amount of Fe atoms in the same 0/1 state, which has a

- small moment of about 1.5—1uf. A clearer separation in
low- and high-spin states can be seen, for example, for the Fe
0 atoms with two Cr nearest and one next-nearest neighbors

1.2 1.4 1.6 1.8 20 22 24 ; .
Magnetic moment [Fig. 9@ and 9b)]. The low-spin state has the moment
1.70-1.7& for 2/1 configuration(and 1.65—1.7mg for

FIG. 8. Calculated distribution of magnetic momefits ) in 2/2 CO”f'g!”"’_‘“O”’ not_ shoyn Correspondlngly, high-spin
the 3-ML-thick interface layers for the stepped interface with moments lie in the regions 1.95-2/49[Fig. A& and 9b)]
= 4. The inset shows the distribution of moments for the Fe atom@Nd 1.98—2.0g (not shown. Among the Fe atoms at the
with opposite direction of magnetizatidantiparallel to the overall Interface that have four nearest-neighbor Cr atoms we found
magnetization direction a noticeable part that changes the direction of their moments

opposite to the direction of the average magnetization.
lations we used the modification of the “zero and poles” In general, there is the tendency for a decrease of the
method, which allows to determine very effectively the polesmoments by increasing the number of Cr neighbors. How-
of the mass operator and the Green function, and to avoidver, the existence of two different magnetic states with es-
time-consuming numerical integration of density of sentially different moments for the same number of Cr
d-electron states in the process of self-consistéhc§The  neighbors does not allow to conclude on an additive influ-
self-consistency procedure starts from the state where aéince of the Cr neighbors. Similar results concerning nonad-
magnitudes of the magnetic moments on Fe and Cr siteditive perturbation of Fe magnetic moments were obtained in
were equal to the corresponding bulk values and the diredRef. 35 for the dilute FeCr alloy, and were explained by the
tion of the moments on Fe sites were taken to coincidesensitivity of Cr magnetic moments to the local environment.
whereas on Cr sites both spin polarizations were availabldhe Cr moments for the stepped interface have a very wide
with equal probability. Calculations of magnetic momentsdistribution with moments ranging from 0 to kg [Fig.
were performed to obtain self-consistency both on every sitd(@)]. Such a behavior is caused by frustration effects that
and between magnetic moments localized on different sitesappear due to Fe-Cr and Cr-Cr antiferromagnéiE) cou-
One more procedure fitted the Fermi energy, which fixes thgling. The ground state in the superlattices with stepped in-
total number ofd electrons during self-consistency. terfaces corresponds to the noncollinear ordetig.

For both stepped interfacéwith Lo=4 andL,=16) we Alloying and interdiffusion at the interface lead to a dis-
obtain very similar distributions of magnetic moments, tribution of the magnetic moments that contains a larger
where deviation from the bulk value takes place only insidenumber of maxima, although some of them confluence with
3-ML-thick interface layers. In Fig. 8 such a distribution is increasing roughness. Figureg@land 11b) show such dis-
shown for Lo=4. The distribution function contains few tributions corresponding to 3-ML-thick layers at both inter-
sharp maxima, one of which corresponds to the bulk mofaces and to 1-ML-thick layers at the Fe/Cr interfaces, both
ment, and others to the enhanced moment up to. 240 for the case of a “smooth” structure. The distribution func-
There are two extended maxima with less amplitude in thdions contain well-separated maxima, which give the most
region 1.5—-1.85 and 1.95-2.0ag. The shape of the dis- probable values of the Fe moments. The largest maximum
tribution function is essentially asymmetrical near these(1690 atoms in the 3-ML-thick interface with a moment of
maxima. In the neighborhood of the first maximum it slowly 2.20—2.2Jg) corresponds to the bulk Fe moments. For the
increases from 1.5 to 1.7&, and then drops to zero very 1-ML-thick layer at the Fe/Cr interface this peak becomes
fast. Around the second maximum it has a longer tail frommuch lower, which reflects the reduction of the number of Fe
the side of larger moments. There are also some Fe atonaoms in the 0/0 state for 1 ML at the interfasee Table)l
that change the direction of magnetization under the actiohn both figures, 1¢a) and 11b), there is a peak for the en-
of Cr neighbors. Their moment distribution is shown in thehanced magnetic moment of order 2,35 For 1 ML at the
inset of the Fig. 8. Fe atoms from the 1-ML-thick interface interface this peak is well separated from the bulk peak by a
layer show really full suppression of the bulk moment ingap[Fig. 11(b)], but for 3-ML-thick interface layers the gap
accordance with data in Table I. disappear$Fig. 11(a)]. Other maxima correspond to lower-

As a check of the assumption about the additivity of thethan-bulk moments: around @, 1.85ug, and in the re-
Fe-magnetic moment perturbation by nearest neighbor angion 1.6—1.7%.5. These intervals, where the distribution
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function has its maxima, are shown also in Fig. 1 for com-1.93-2.0@.5; 1.70—1.9Qug, and 1.3— 1.4y, respectively.
parison with hyperfine fields measured by CEMS. One carSuch a separation of the possible values of magnetic mo-
see a strong correlation between distribution peaks of hff anthents for every local environment does not mean additive
magnetic moments. However, calculated peaks for magnetigerturbation of the Fe moments by Cr atoms. For rougher
moments lower than 15 cannot be reproduced for the interfaces the peak positions of the distribution function do
smooth interface. The moment distribution for Fe atoms withnot change essentially. Figure 12 shows the moment distri-
a given number of nearest-neighbor and next-nearest neighution for a 3-ML-thick interface in the case of the rough
bor Cr atoms shows a relatively complex fine structure. FofFig. 12a)] and the roughk-alloy [Fig. 12b)] structure. Now

the Fe atoms in the 2/1 stdtieig. 9(c)] there is no separation the state with the enhanced moment cannot be separated
of low- and high-spin states with a large difference in thefrom the main peak corresponding to the bulk moments.
moments, but the magnetic moments lie in the intervalTaking into account the large amplitude of the bulk peak and
1.95-2.08.5 (without deep well-pronounced minima inside its close position to the nearest peak from the left sadmut

this interva). States with a larger number of neighboring Cr 2.15.5), one can conclude that only an increase of the half-
atoms typically have a distribution function with several width of the bulk maximum, but not its fine structure, will be
maxima(2/2, 3/2, 3/3, 4/3, 4/4, 4/5 statedut the distance possible to observe experimentally. The next maxima at
between these maxima does not exceegh§.2At the same  2up, 1.85ug, and near 1xg change their position only
time, every configuration is characterized by the interval ofslightly with increasing roughness. For rough interfaces with
possible values of magnetic moments, and for some configwalloying, we found some Fe atoms, as a rule, with a large
rations these intervals do not overlap. For example, Fe atomsumber of Cr neighbors that change their magnetic moment
in 0/1 configuration have moments between 2.25 andlirection opposite to the overall magnetization direction. The
2.41ug, Whereas for atoms in 1/1 configuration the momentdistribution of moments for such Fe atoms is shown in the
lie in the interval 2.11-2.255. Fe atoms with two, three, inset of Fig. 12b). It is a Gaussian-like distribution centered
and four nearest Cr neighbors have moments in the intervalst — 1.5ug with a half-width of about 0.35. Fe atoms re-
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sponsible for this peak have five and more Cr nearest neigtspacer and Cr atoms into the Fe layer over a distance of
bors. The corresponding hff value was detected in somseveral ML from the interface give a more regular distribu-
CEMS experiments, where the interface was not venytion of the moments with two sharp peaks aroun@.55ug .
smooth. In Fig. 1 the value of the moment (&8 for such  The appearance of additional Fe atoms inside of the Cr
Fe atoms is shown by a hatched square. spacer far from the interface leads to additional polarization
For the rough interface we obtain also the peak neapf Cr moments. The layered AF structure remains un-
1.4ug . However, for other roughnesses it is not seen, bechanged, however, and Fe atoms surrounded mainly by Cr
cause small Fe moments strongly depend on the states of tiéoms acquire the direction of the moments like Cr in the
surrounding atoms and give a very wide distribution withoutsame layer. The presence of the Fe atoms surrounded by
distinct peaks. Maybe including some correlations in the alfelatively large Cr magnetic moments induces an increase of
gorithm of growth will lead to preferred configurations and the average Cr moments from 0.55 to @g8 Fig. 10d)]. An
to the formation of peaks, as compared to an almost constaadditional peak in the distribution function for Cr moments
distribution of moments. at large negative momentsear— 1.1ug) appears due to Cr
The intervals of possible values of the magnetic momentsitoms at the interface with a large number of Fe neighbors.
for Fe atoms with given numbers of nearest and next-nearesthis peak is stronger for the stepped interface and decreases
Cr neighbors almost do not change with increasing roughwith increasing intermixing of Fe and Cr atoms.
ness, as is seen in Figsch-(e), although the fine structure
of the d|str|but|on_funct|0n is gradually washed out. In ran- V. DISCUSSION
dom alloys there is a correspondence between the perturba-
tion of Fe magnetic moments and the numbers of nearest and The calculated distributions of magnetic moments for
next-nearest Cr neighbors in the average, but on an atomiee/Cr superlattices including interface alloying and interdif-
scale such mapping fails. fusion show a strong correlation with distributions of hff
Very sensitive to the interface roughness proves to be themeasured by CEMS. We found that both the position of sat-
distribution of the moments on Cr atoms. At the beginning ofellite peaks in the CEM spectra and the position of maxima
the self-consistency procedure the directions of the momenis the distribution function for local magnetic moments are
at the Cr sites were chosen “up” and “down” with equal stable relative to changes in the alloylike interface rough-
probability. However, self-consistency leads to the AF strucness. The observed correlation allows to say that in Fe/Cr
ture, when Cr moments change their direction from layer tdayered structures the localized magnetic-moment scales
layer. For the smooth interface, significant intermixing of thewith the hff on °>’Fe nuclei in a similar way as for bulk
Fe and Cr atoms takes place only in two interface layersmaterialst’” This is at variance with calculations according
Frustration, which is determined by the tendency of Cr to AFto the embedded cluster model for bulk Fe/Cr allé}shere
coupling with Fe as well as with Cr neighbors, leads to thethe proportionality between hff and local magnetic moments
strong suppression of the moment, as is seen in Fih)10 was not found. However, our findings for the moments are in
Increasing roughness and penetration of Fe atoms into the @ood agreement with results ab initio calculationd® and of
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of Fe atoms for a smooth interfac) 3-ML-thick layers for both FIG. 12. Calculated distribution of magnetic momefits wz)
!nterfaces;(b) 1-ML-thick layer for the Cr/Fe interfacéCr on Fe of Fe atoms from 3 ML at the interface with interdiffusiofa)
interface. rough, (b) roughtalloy. The inset shows the distribution of mo-

. . . - fF i h I izati irection.
computations based on the Hubbard-like tlght_bmdmgmentso e atoms opposite to the overall magnetization direction

modef® for the special cases of ordered structures, which

were considered there. In our calculations we do not repronever observed in CEMS spectra. The calculated value of the
duce peaks in the distribution of magnetic moments correFe moment at the flat interfadabout 1.%.5) proves to be
sponding to small hff magnitudes less then 20 T. Note thaessentially higher than the moment M*

the satellite with hfBj,=19 to 20 T was associated in pre- =[By/Bp(bulk)]Mp, of about 1.3.5, which corresponds
vious studie$!! @4 13-1%ith Fe atoms in the “flat” inter- to the hffB}. If we accept the proportionality of magnetic
face(Br;=23T in Ref. 10. Correspondingly, the increase of moment and hf{Ref. 39, which is suggested by Fig. 1, the
its amplitude in the Mesbauer spectra, which takes place infield B} is associated with Fe atoms that have a larger num-
particular by raising the substrate temperature during théer of Cr neighbors than those in “flat” interfaces and, con-
sample preparation or by annealing, was interpreted asequently, must lie inside of Cr spacer layers a few mono-
smoothing of the interfack. The number of’Fe atoms with  layers away from the ideal interface. Then, a large amplitude
this hff can be larger then the number ¥Fe atoms with  of the satellite withB}; cannot be a signature of the atomi-
other field values, especially in the case of one monolayer ofally smooth(“flat” ) interface, but, to the contrary, indicates
*’Fe at the interface. Note, however, that in the case of onealloying and interdiffusion near the interface. The absence of
monolayer high-stepped interfaces with average step widtimaxima in the moment distribution arouii* in our calcu-

Ng the number of Fe atoms in “flat interface” positions lations can be explained by the following reason: we consid-
should beNg—1 times larger than the number of step edgeered only structures where Fe atoms cannot penetrate too far
or kink positions. Even for relatively narrow step®g from the interface. Only the roughalloy structure contained
=20) such a relation between the amplitudeBat and that Fe atoms inside the Cr spacer, in particular, in the state 8/6.
of other lines with higher fields in the hff distribution was However, in this case Fe atoms effectively interact through
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the Cr atoms, because, as is seen from Fig. 10, they strongly There are, however, some experimental indications that
polarize Cr moments. It is worth mentioning that we performalloying cannot be avoided even for Fe growth on Cr, al-
our calculations for zero temperature, whereas mosssMo though the specific scenarios of intermixing on Fe/Cr and
bauer(CEMS) measurements were made at room temperacr/Fe interfaces can be different. As was noted by Heinrich
ture. Fe atoms with their local moments being reduced by thet al,?*° scanning electron microscopy with polarization
Cr surrounding at a first glance seem to be much more sernalysis(SEMPA) and Brillouin light scatteringBLS) show
sitive to the influence of temperature than bulk Fe momentsihat the phase of the short-wavelength oscillations in the in-
especially taking into account that room temperature is noterlayer coupling for Fe whisker/Cr/F@01) structures is ex-
very far from the Neel temperature @ulk) Cr. However, actly opposite to that expected from AF coupling for Fe-Cr
we have also performed CEMS at 80 K, and these results dignd Cr-Cr layers. This was explained by interdiffusion at the
not show a significant difference in the hff distributions mea-Fe/Cr interface, and recent calculations of Freyss, Stoeffler,
sured at 300 or 80 K. In particulaB}; values at 300 K19.7  and Dreyss& confirmed the possibility of changing the ex-
T) and at 80 K(20.9 T) were observed to be nearly the same.change coupling phase for the ordered interface structure
Therefore, these “loose spins;’associated with field};, with two intermixed layers GFe, _,/Cr,_,Fg, for x=0.2.
even if they have configuration 8/6, lie very close to theFor one mixed layer the calculations gave a phase change
interface and essentially differ from the paramagnetic Fe imonly for a higher degree of intermixing: a mixed layer with
purities in the bulk Cr. iron concentration less than 50 at. % behaves like a pure Cr
The conclusion that the hB}; is associated with Fe atomic layer. This last conclusion, however, was not in
atoms inside the Cr spacéa few ML away from the ideal agreement with experimenﬁ%,where it was shown that in-
interface leads to some important consequences related troduction of one mixed Cr85%-Fel15% layer instead of one
the mechanisms of epitaxial growth of Fe on Ee/Cy Fe layer does not change the phase of the interlayer coupling.
and Cr on Fe(Cr/Fe, which are in contradiction with the This contradiction between theory and experiment can be
traditional model. Mssbauer studié$ show that for probe explained, if we accept interdiffusion at the Fe/Cr interface.
STFe layers at the Fe/Cr interfa¢dower” ) the amplitude of  In this case the interface Cr layer contained Fe atoms already
the B;f satellite is enhanced in Comparison with that of theWithOUt artificial aIoning, and additional 15 at. % in concen-
Cr/Fe interface(“upper”). In the spirit of the traditional tration change can be crucial for the sign of interlayer ex-
modef:1t a9 13-15his \was interpreted as evidence for sup-change coupling. Note also that losing some Fe atoms
pressed intermixing during Fe growth on a Cr substfate. through the interface to the Cr spacer can change the effec-
However, according to our present result the interpretatiofive thickness of Fe and Cr layers, and also may cause the
must be reverse. Such an asymmetry of two interfaces can f1ase change observed in SEMPA and BLS experiments.
understood from simple thermodynamic consideratffis: ~ Note also that a direct proof by STM of the surface alloy
terface alloying may be governed by the binding energy beformation of Fe on Cr was reported recently by Choil?
tween the substrate and ad-atom material, which are propor- For the interdiffusion process the temperature of the epi-
tional to the melting points of the solids. The melting point taxial growth is very important. SEMPA studfésiemon-
of Cr (2130 K) is higher than for F¢1808 K) and, therefore, Strate that with increase of the substrate temperature a tran-
interface mixing for the Fe/Cr interfad&lower” ) might be  sition from a three-dimensional to a layer-by-layer growth
suppressed. For certain interfaces these simple consideiode takes place. At the same time the temperature rise
ations were checked experimenteﬂvz However’ in some leads to more intense diffusion at the interface. In Ref. 47, by
cases they are not valid. For example, in Ref. 43 surfac&iSing high-resolution low-energy electron diffraction and
alloying of Au on Ni was reported, when the melting point of Auger electron spectroscopy, it was found that interdiffusion
the substrat¢1728 K for Ni) essentially exceeds the melting IS responsible for the interface roughness, when the growth
point of the ad atonf1337 K for Au) and, moreover, Au and temperature exceeds 400 K. A recent study of the growth of
Ni are immiscible metals. For a theoretical analysis of thed thin Fe layer on Cr by means of reflection high-energy
intermixing process on the microscopic level proper allow-electron diffraction(RHEED) shows that the largest number
ance must be made for Changes of magnetic properties am RHEED intenSity oscillations was observed at the lowest
the related energy due to exchange of the atoms at the integfowth temperatur For an explanation of this phenom-
face as well as to the effects of interface roughness. enon a special scenario was developed in Ref. 48, which is
In Ref. 44 calculations based on the local-density funcPased on the special form of interface roughness with steps
tional theory and the Korringa-Kohn-RostokéKKR)- higher then one monolayer, although probably alloying at the
Green-function method demonstrate a strong tendency for iterface(which was excluded from the modedlays an im-
direct site-exchange mechanism into the first surface laygportant role here.
for Cr on the ideal Fe SurfacéCr/Fe or upper interfaQe New informatiop about Changes of the interface structure
There is no similar calculation for Fe on Cr due to the com-¢can be given by Mssbauer studies after thermal treatment.
plex spin-density-wave structure of bulk Cr and the necessityn Ref. 15 Fe/Cr multilayers were annealed foh attem-
to take into account its modification by the surface and adPeratures of 200-450 °C. The authors essentially observed a
sorbed Fe atoms. In addition, a nonideal Fe/Cr interfacaveak increase in amplitude of the I&f;=20T after anneal-
forms noncollinear magnetic structurgs®4*#*which also  ing at 300 °C. Their interpretation is based on the supposition
can be important for the calculation of the energy balance fothat the fieldBf; corresponds to Fe atoms in the “flat” in-
the intermixing process. terface. In this case they had to conclude that there is in-
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plane diffusion inside the superlattice during annealing thatistribution of local moments among the Fe atoms with a
leads to smoothing of the interfaces. This is an unlikely pro-given number of nearest and next-nearest Cr neighbors.
cess, however. If, howeveBy; corresponds to the Fe atoms These dependencies show that the assumption of an additive
in the Cr spacer a few atomic layers away from the ideainfluence of Cr neighbors on the Fe magnetic moment fails
interface, such a behavior can be explained in a much morkr multilayers on a microscopic level, but can be valid in the
natural way: simply increasing the degree of intermixing ataverage for a random alloy.
the annealing temperature. We found that the hff oB}~20 T corresponds to inter-
Note also that our calculation gives a new criterion fordiffused Fe atoms inside the Cr spacer layérst not far
determining the quality of the interface roughness: it is theaway (i.e., ~2—4 ML) from the interfacg contrary to the
appearance of the enhanced hff near 34 T that evidences theditional interpretation of Fe atoms at the atomically “flat”
atomically flat interface via the hff of th@, 1) subsurface Fe interface. For atomically smooth interfaces with large flat
site. However, its observation is a much more complicatederraces an enhanced hff must be observed in the second Fe
problem than the fiel@8}; and can be done only on particu- layer below the ideal interface, and it can provide a measure
larly prepared samples, where the roughness is artificiallpf the Fe-Cr interface roughness on an atomic scale. For
suppressed instance, knowledge of the latter quantity is of fundamental
importance for the understanding of the origin of magnetore-
V1. CONCLUSIONS sistance(bulk or interface scatterit§*°=>) in Fe-Cr hetero-

. _ structures.
We performed measurements of the magnetic hyperfine

field (hff) in Fe/C(001) superlattices with different thick-
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