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Fe-whisker/Cr/Fe(001) studies
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Exchange coupling through a spin-density wave in Fe-whisker/@Hgstructures has been studied using
Brillouin light scattering(BLS) and magneto-optical Kerr effe€MOKE). The Fe-whiskg001) substrates
provide nearly ideal templates: they are characterized by atomic terraces having dimensions in excess of
several micrometers. Such templates are essential for the study of short-wavelength exchange coupling which
is mediated by the intrinsic spin-density wave in@1). Atomically smooth C{001) layers similar to those
of the Fe-whisker surfaces can be grown at raised substrate temperatures. Angular resolved auger electron
spectroscopy measurements have shown that the Fe-whigk¥ICinterfaces are affected by an atom ex-
change placement mechaniginterface alloying. It will be shown that this interface alloying at the Fe-
whisker/Cr interface profoundly affects the behavior of the short-wavelength oscillations. The phase of the
short-wavelength oscillations is reversed compared to that expected for the spin-density wa@®in The
strength of coupling is significantly decreased from that obtained from first-principles calculations, and the first
crossover to antiferromagnetic coupling occurs at 4 ML. BLS and MOKE have shown unambiguously that the
exchange coupling in Fe-whisker/Cr({B81) structures can be described by bilinear and biquadratic terms.
Experiments carried out using Cu and Ag atomic layers between #t@®Trand F€00]) fiims, i.e., hetero-
geneous interfaces, have shown that the exchange couplingd@XCis strongly affected by electron multiple
scattering. It will be argued that the exchange coupling through thi¢&kML) and atomically smooth @01)
spacers can be described by localized interactibiessenberg typeand by electron multiple-scatteririguan-
tum well staté contributions. This is in good accord with recent first-principle calculations by Mirbt and
Johansson. However, interface alloying severely affects the behavior of the exchange coupling for Cr thick-
nesses less than 8 ML. In this thickness regime the overall coupling exhibits mostly a long-wavelength
behavior with a small superimposed short-wavelength contribution. This initial Cr thickness regime is respon-
sible for changes in the phase of the short-wavelength oscillations and for the reduced strength of the exchange
coupling due both to the localized and to the multiple-scattering contributions. We have observed no significant
dependence of the exchange-coupling strength on the Fe film thickness for samples having the structure
Fe-whisker/11CmiFe/20Au wheren specifies an iron film thickness between 5 and 40 ML. However, prelimi-
nary data show that the exchange coupling is significantly increased in specimens for which both sides of the
iron film are covered by Cr, i.e., for structures of the form Fe-whisker/1if/11Cr/20Au. It appears that
electron resonant states in the iron film play no important role in the strength of the exchange coupling when
the iron is bounded on one side by the gold, but that they do become important when the iron film is bounded
by Cr on both sides. BLS and MOKE studies on Fe-whisker/Cr/M@&8 samples revealed that the antifer-
romagnetic state of Mn is composed of compensé&id) atomic planes. The results of the above experimen-
tal studies will be compared to recent theories. Points of agreement and of disagreement between the experi-
mental results and recent first-principles calculations will be explicitly pointed[801163-182609)10921-4

INTRODUCTION mensurate with the Cr lattice spacing; the period of the long-
wavelength oscillations was found to be 12 ML. Short- and

. . long-wavelength oscillations have also been observed by
Fe-whisker/Cr/F€@01) systems have played a crucial role ginperg and co-workers in Fe/Cr/Fe samples grown on a

in the study of exchange coupling between two ferromagnetéaAs(OOj_) substrate covered with a thick buffer layer of
separated by a nonferromagnetic spacer. Studies carried 0}9!5(001).3 Heinrich and co-workergthe SFU group have

by Unguris, Celotta, and Piertesing scanning electron mi- carried out quantitative studies using Fe-whisker/Gig5®)
croscopy with polarization analysi$SEMPA), and the  sampled:® The objective of the SFU group was to grow
magneto-optic Kerr effect(MOKE) measurements by samples having the best available interfaces, to measure
Purcellet al? using Fe-whisker/Cr/R801) samples showed quantitatively the strength of the exchange coupling, and to
that the exchange coupling oscillates with a short-compare these coupling strengths wath initio calculations
wavelength period of~2 monolayers(ML). The SEMPA that explicitly include the presence of spin-density waves in
images revealed in a very explicit way that short-wavelengththe Cr. The requirement of smooth interfaces limited our
and long-wavelength oscillations existed in the thicknesstudy to samples which were grown on Fe-whisker templates
range 5—80 ML of Cr. The period of the short-wavelengthwith the Cr spacers terminated at an integral number of Cr
oscillations,A=2.11 ML, was found to be slightly incom- atomic layers. It was found that the strength of the exchange

0163-1829/99/5@2)/1452(013)/$15.00 PRB 59 14 520 ©1999 The American Physical Society



PRB 59 EXCHANGE COUPLING THROUGH SPIN-DENSIY . .. 14 521

coupling through the @©01) spacer is extremely sensitive to 208 . v '

small variations in growth conditions. The measured ex- (a)
change coupling was found to be reproducible only in those
samples that exhibited layer by layer growth.

In our studies we concentrated on samples for which the
Cr thickness ranged from 4 to 13 atomic layers. We wished
to study a thickness regime ranging from a thin Cr interlayer
for which the exchange coupling was dominated by the pre-
dominantly antiferromagnetic long-wavelength 12 ML de-
pendence on thickness to a thickness regime in which the R .
exchange coupling was dominated by the 2 ML short-
wavelength period. In particular, we wished to investigate . ,
the origin of the deviation of the thickness dependence of the
coupling from the predictions of simple Cr spin-wave theory 325 358
(antiferromagnetic coupling for an even number of Cr atomic 16
layers and ferromagnetic coupling for an odd number of Cr
atomic layers As will be discussed below, deviations from . (b)
simple spin-wave theory can be ascribed to interface mixing s
of the Fe and Cr atoms.

RHEED intensity
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Specimens were grown in an ultrahigh vacuum system o . L
(UHV) having a base pressure less than ¥Torr. Cr and = b -
Fe films were deposited on an iron-whisl#7) surface by o ]
evaporation from standard source ovens. The films were de- e anmsasasss ) )
posited at a rate of approximately 1 ML per minute at a .
pressure of~5x10 °Torr. Thicknesses were monitored 8 y '
using a standard quartz crystal gauge. The intensity of the 300 350
reflection high-energy electron diffracticfRHEED) specu- Distance in CCD camera pixels

lar spot was measured during the film growth. We used @ 10 i 1. Typical RHEED specular spot profiles for the growth of
keV electron beam incident on the specimen at a grazingy on an Fe-whiskéd01) template. The spot profile scan was taken
angle(1 to 3 degrees The specular spot intensity exhibited zong the direction which is determined by the intersection of the
the periodic variations characteristic of layer by layeregjectron-beam plane and the plane of the fluorescent s¢ireene
growth. The existence of unattenuated RHEED intensity OSdirection of the RHEED streaksThe spot profiles were monitored
cillations of the specular spot during the growth of the Crat the second anti-Brag reflection corresponding ¢e-3 degrees.
spacer did not guarantee reproducible values of the exchangg® The spot profile at a maximum of the RHEED intensity oscilla-
coupling between a thin F@01) film and the whiskg0021) tions, corresponding to a completely filled top atomic layer. The
substrate. It was necessary to establish conditions such thatdth of the specular spot profile is limited by the RHEED instru-
new layers were initiated at a repeatable pattern of nucleatiomental resolution(b) The spot profile at a minimum of the RHEED
sites. This condition could best be monitored by examiningntensity oscillations, corresponding to a half filled top atomic layer.
RHEED intensity oscillation amplitudes together with the The spot profile consists of the sum of three peaks: an attenuated
width of the RHEED specular spot profile. The best resulteversion of the profile ofa) due to incomplete cancellation of the
were obtained for the case when the RHEED intensity oscilinterference between electrons _scattered from the different exposed
lations exhibited a cuspy, unattenuated pattern and the spgtrface levels0), and two flanking peaks due to the presence of
profile oscillated repeatably between narrow peéiited atomlc.lslands{+) and(—). The spllttl_ng of the two fIanIgn_g peaks
atomic layers and wider, split intensity peakéhalf filled determines thg average Iateral. spacing pf the Cr atomic islands. The
layers; see Figs. (@ and(b). These requirements could be average atomic spacing &, o is approximately 80-90 nm.
achieved by maintaining the substrate temperature in a nar-

row range of temperatures, 280&0,,<320°C. The Cr exhibited a unique behavior; the first RHEED intensity
presence of the specular spot splitting, see Fif),in a  oscillation showed a strong peak with a very sharp cusp, see
direction parallel with the RHEED streaks for half filled Fig. 2@, even at substrate temperatures as low as 150 °C,
atomic layers indicated that new atomic layers were formedndicating that the first atomic layer grows very smoothly.
from nucleation centers which were separated by a well defhe situation changes when Cr is deposited on a Cr template.
fined mean distance. The observed splitting corresponded 1o that case the growth of Cr proceeds layer by layer only if
a mean separation between atomic islands®d0—-900 A at  the substrate temperature is adjusted to an optimum growth
Ts,opt.4 This interpretation is in agreement with the scanningtemperatureT .;; see Figs. @) and (b). In order to get a
tunnel microscopéSTM) studies by Strosciet al® Samples  final Cr atomic layer nearly as smooth as the Fe-whisker
grown at the optimum temperature showed unattenuatettmplate the substrate temperature can be changed gradually,
RHEED intensity oscillations with well defined cusps at thebut the approach t3 o, has to be from temperatures less
RHEED intensity maxima; see Fig. 2. The first monolayer ofthan T ;. In a proper layer by layer growth the RHEED
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FIG. 3. The RHEED intensity oscillatiosecond anti-Brag re-
flection) for Fe growth on a Cr template. This growth was carried
out for an Fe-whisker/Cr/k801) sample having three different
thicknesses for the deposited Fe layer. The growth was stopped, the
shutter was moved, and the growth was again resumed as indicated
in the figure.

RHEED intensity

intensity oscillations maintain a cuspy unattenuated pattern,
see Fig. ?), and the width of the specular spot oscillates
(b) between minimdfully filled atomic layey and maximahalf
field atomic layey); see Fig. 2c). The width of the specular
spot corresponding to a complete atomic layer of Cr is as
narrow as that of the Fe-whisker template. In order to obtain
a Cr spacer having a well defined thickness one has to avoid
excessive growth at naturally occurring atomic steps. The
growth from such atomic steps results in the atomic steps
- moving across the surface. Thus the atomic steps on the Cr
surface are displaced from those on the Fe-whisker substrate
surface and the thickness of the Cr layers would necessarily
fluctuate by 1 ML across the sample surface. This mecha-
© nism can partly provide an explanation for why samples
8 grown outside the optimum range of substrate temperatures
Time showed a large biquadratic exchange coupling and a small

bilinear coupling.

The growth of Fe on a @01 template proceeds very
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FIG. 2. The RHEED intensity oscillatiorisecond anti-Brag re-
flection) of Cr on an Fe whiskéd01) template. One period of os-
cillations, usually 60 seconds, corresponds to one additional atomic
layer of Cr.(a) The first two oscillations als~150 °C. The mea- a5 ]
surement was halted at the peak of the second oscillation. Note that o[ el o Jo ie
the second maximum is significantly lower compared to that for the g +
top surface of the Fe whisker template and to that for the first filled
atomic layer of Cr(b) The substrate temperature was increased to &”
establish layer by growth. The gradual increase of the RHEED in- =
tensity minimum is due to a gradual increase of the distance be- =
tween the Cr nucleation centers during the growth: this was caused =~ _,; | i
by an upward drift of the Fe whisker temperature. The size of the
atomic islands was nearly the same as the lateral instrumental reso-
lution of the RHEED gun and consequently one does not obtain a
complete cancellation of the RHEED intensities at the half covered
surfaces. The strength of the exchange coupling was found to be
most reproducible for those samples where the minimum values of FIG. 4. The thickness dependence of the bilingéan®) and
the RHEED intensity oscillations remained constant and were clospiquadraticJ, (#) exchange coupling. The biquadratic coupling
to zero intensity. The growth in this figure was carried out at acan be measured only for AF coupled samples. The valuds foir
somewhat higher temperature thag,,; see the text(c) The full  the FM coupled samplgd0, 12 ML) were assumed to be the same
width at half maximum of the specular spot as a function of the Cras that for the AF coupled samples containing 9, 11, and 13 ML of
layer thickness for the RHEED intensity oscillations showr(dn  Cr. Note that the coupling becomes AF for thicknesses greater than
and (b). The maxima and the minima correspond to half and fully 4 ML and the thickness dependencelghas a broad AF maximum
filled atomic layers, respectively. Note that the spot profile mini-around 7 ML of Cr. Large short-wavelength oscillations appear for
mum widths are equal to that of the Fe-whisker template. Cr thicknesses greater than 9 ML.
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well for approximately 5—8 ML even at room temperature strength of the AF coupling, and decreases the strength of the
(RT). At the beginning of the growth the RHEED oscilla- FM coupling. The biquadratic coupling, was found to be
tions have a large amplitude even for the second anti-Braggpproximately 0.25 ergs/cmnearly independent of Cr film
condition; see Fig. 3. The amplitude of the RHEED oscilla-thijckness. The observed weak FM coupling implies that
tions gradually decreases with increasing Fe layer thickness.p 2+ 23, and leads to a bilinear exchange coupling
The RHEED intensity amplitude can be recovered by meangyrength ofJ, = 0.7 ergs/cr for FM coupled samples.

of a subsequent increase in the substrate temperature. In mosttpe coupling between the Fe and Cr atoms at the Fe/Cr

depositions of Fe layers the first 5-8 ML were grown at RT.jyierface is expected to be strongly antiferromagigfitand
The substrate temperature was then increased to 150—-240 °

- . . i ﬁ:i'conse uence the spin-density wave in Cr is locked to the
The Fe layers deposited in this manner can be grown in g P y

quasilayer by layer manner in which the growth proceeds b%rlentatlon of the Fe magnetic moments. Since the period of

. ¥pe short-wavelength oscillations is close to 2 ML one would
terrace nucleation and subsequent attachment of adatoms 10 . .
expect AF coupling for an even number of Cr atomic layers

the atomic steps of the newly formed atomic islands. The

surface roughness of the Fe films was mostly confined to th%]nd FM_coupIing for an odd n_umber of Cr "?‘tOT“‘C layers. For
top two atomic layers. the period A=2.11 ML the first phase slip in the short-

All samples prior to their removal from the vacuum sys- yvavelength coupling is predicted to occur at 20 ML. Surpris-
tem were covered by a 20-ML-thick epitaxial @01) layer.  ingly the SEMPA(Ref. 12 and BLS(Ref. 13 measurements
The growth of Au exhibited well defined RHEED intensity Showed clearly that the phase of the short-wavelength oscil-
oscillations and the surface was terminated byxal5recon-  lations is exactly opposite to that expected. It is also impor-

struction typical for AG001). tant to note that the strength of the exchange coupling
|Jmax~1. ergs/cri was found to be much less than that ob-
MAGNETIC STUDIES tained from the first-principles calculations,J;

_ 14 .
antitative Brillouin light-scatteringBLS) studied? —.1.30 ergs/cra** Our stuo!les §howed that .the strength of the
Quantitativ iflouin g : ua bilinear exchange coupling, is very sensitive to the initial

have clearly exhibited short-wavelength oscillations in they gwih conditions: a lower initial substrate temperature re-
exchange coupling; see Fig. 4. These studies showed al

. . Rits in a larger exchange coupling strength. The bilinear
that_ the exc_hange coupling f[hroug_h((ml) gontalns both exchange coupling can be changed by as much as a factor of
OSC'|IFt0r¥ b'“neiﬁl andhposmve blquadratlt?z ex_ct:thange 5 by varying the substrate temperature during the growth of
coupling terms. The exchange energy can be written the first Cr atomic layet® This behavior led us to believe

E=—J, cog 6)+J,Cco(6), (1)  that the atomic form_ation of the Cr layer is more complex
than had been previously acknowledged. Angular resolved
where ¢ is the angle between magnetic moments of the FeAuger spectroscopyARAES),*>~17 STM,'® and proton in-
film and the surface magnetization of the Fe whisker. duced Auger electron spectroscoffES) (Ref. 19 have
The results of the exchange coupling measurements cashown that the formation of the Fel001) interface is
be described as follows. The exchange coupling crosses #trongly affected by an interface atom exchange mechanism
antiferromagnetic coupling at 4 ML of Cr. For Cr spacer (interface alloying. The above studies revealed very clearly
thicknessesl,<8 ML the strength of the short-wavelength that the Cr undergoes interface mixing when the substrate
oscillations is quite weak;-0.1 ergs/cri The exchange cou- temperature is adjusted for optimum growth. The tunneling
pling in this range is antiferromagnetic only due to the presspectroscopy measurements suggested that the surface is pre-
ence of an antiferromagnetiAF) long-wavelength bias. dominantly Cr at a Cr coverage of2 ML.*® The ARAES
This AF bias is peaked around 6—7 ML. It is interesting toshowed that the interface mixing was confined mainly to two
note that the strength of the long-wavelength AF bias is veryre atomic layers; see Fig. 5. The proton induced AES
nearly the same as that observed in Fe/GOP® epitaxial  studies® also showed that the interface atom exchange pro-
multilayers prepared by sputtering where the relatively largeess does not proceed appreciably for layers beyond the
interface roughness annihilated the presence of the shore/Cr interface. The ARAES studies showed that interface
wavelength oscillation$. The exchange coupling in these alloying during the growth already starts at low substrate
sputtered films showed long-wavelength oscillations with aemperatures],,~ 100 °C. The interface alloying increases
rapidly decreasing strength of the coupling for thicknessesvith increasing substrate temperature; see Fig. 5. It should be
greater than 10 ML of Cr. It follows that the antiferromag- noted that interface alloying due to the atom exchange
netic bias shown in Fig. 4 for the first 7—8 ML of Cr is most mechanism is not, in general, symmetric: it occurs chiefly at
likely due to the long-wavelength oscillations in the ex- one interfac€. Interface alloying is driven by the difference
change coupling. For a Cr spacer thicker than 8 Mk, in binding energies between the substrate and adatoms. The
>8 ML, the exchange coupling is dominated by the short-binding energies are proportional to the melting points of the
wavelength oscillations. In this thickness range the samplesolids. Interface alloying has been observed in systems for
are antiferromagneticall§AF) coupled for an odd number of which the substrates have lower melting points than do the
Cr atomic layers,J,=|J;—2J,]~1.0—1.5 ergs/ck) and fer-  adatom solid$:?° The melting point of F&1808 K) is lower
romagnetically (FM) coupled for an even number of Cr than the melting point of C{2130 K) and thus the condition
atomic layers,J,,~0.2 ergs/cri The total exchange cou- for interface alloying at the Fe/Cr interface is satisfied, but
pling through the Cr spacer for the parallel orientation ofthe condition is not satisfied at the Cr/Fe interface.skto
magnetic moments is given h¥,=J,—2J,, and therefore bauer studies by Keune and Schet al?! have shown that
the biguadratic exchange contributida>0 increases the interface mixing for the deposition of Fe atoms on a Cr sub-
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FIG. 5. The substrate temperature dependence of the fraction of FIG. 6. A comparison of observed and calculated scattered light
Cr atoms in the first layer deposited on an Fe-whisker substratérequency shifts for a structure composed of a bulk whiské6®h
(#), the fraction of Cr atoms contained in the whisker surface layersubstrate, an 11-ML-thick @01) spacer, a 20-ML-thick R801)
(@), and the fraction of Cr atoms contained in the first whiskerfilm, and a 20-ML-thick Au cover layer. The 5145 A laser light was
subsurface layefA). The fractional coverages were obtained from incident at 45° and the scattered light was collected in the back-
fitting the angular dependence of the Auger (629 e\) peak in-  scattering configuration. The saturation magnetization was taken to
tensity [using angular resolved Auger electron spectroscopybe 21.4 kOe for both the bulk Fe and the Fe thin film. The in-plane
(ARAES)] with the ssc computer program provided by Chuck cubic anisotropies used were 4:7&0° erg/cn?t for the bulk Fe and
Fadley®® 3.5x 10° erg/cnt for the thin film. The perpendicular uniaxial sur-
face anisotropies were taken to be 0.5 erd/éon the bulk Fe and
strate is not important for deposition temperatures near roon.o erg/cm for the Fe thin film. The uniaxial surface anisotropy for
temperature such as we used to deposit Fe films on the Giie Fe film was obtained by independent measurements using Ag
layers. substrate/Cr/Fe/A01) samples. The in-plane cubic anisotropy for
The results of typical BLS and MOKE studies are shownthe Fe film was determined using E..40 in Ref. 4.(+) Ob-
in Figs. 6 and 7. The MOKE and BLS measurements exhibiserved surface mode frequencigsand up-shifted bulk magnon
two critical fields. For fielddH>H, the magnetic moments edge frequenciea (A) Observed down-shifted bulk edge frequen-
in the Fe whisker and in the ultrathin film were clearly par-ciese. (¢) Observed up-shifted thin-film frequenciés (x) Ob-
allel to the applied external field, and the sample can be fullyperved down-shifted thin-film frequenci¢s Curve (&) has been
saturated in sufficiently large fields. Fir<H, the magnetic ~calculated ~ using ~a coupling  strength Ji=J,—2J,=
moments were noncollinear, the magnetic moments deviated1-4> ergs/ci curve (b) has been calculated fory=
from the external field direction. As illustrated in Fig. 6, the — L-50 ergs/crfi curve (¢) has been calculated usinlg=J;+2J,
Stokes and anti-Stokes modes are split by 4 GHz for fields _ 2:/° ergsicrhi_curve (d) has been calculated usingio=
. . . N =0.60ergsicth The cusp fields areH;=1.0kOe and H,
H<H, and for a 20-ML-thick Fe film. This splitting is the —40KOe. We estimate thatd.— — 1.1 era/crA d 3
. . . . . . 1 lerg/lcm, an 2
consequence of dipolar coupling when the direction of the dc:o 2 ergler
magnetic moments in the Fe whisker and in the Fe film are ]
antiparalle In all our samples the field dependence of thethe complex behavior of the Cr spin-density wave when the
magnetization loops is consistent with the assumption thathagnetic moments of the ferromagnetic layers are not locked
the angular variation of the exchange coupling can be exin phase with the spin-density wave of the Cr spacer in the
pressed in terms of bilinear and biquadratic exchange couewest energy statel, is expected to be-14% of |J,|. The
pling terms[Eq. (1)]. The separation between thl andH;  coefficient 0.16 can indicate that a partXfis related to the
fields, A=H,—H,, calculated using only the bilinear ex- intrinsic contribution of the biquadratic exchange coupling in
change coupling term was always smaller than the measuregpin-density wave Cr. Biquadratic exchange coupling in
separatiom,,: one needed to add the biquadratic exchang&pacers that possess short-wavelength oscillatiods an
coupling term withJ, positive to obtain the observed sepa-also be caused by lateral variations of the spacer
ration A,,. The positions of critical field$i; andH, were  thickness>?* The strength of the biquadratic exchange cou-
calculated using a full micromagnetic calculation for an Fe-pling depends on the lateral scale of the thickness variations.
whisker/Cr/20 Fe sample including both bilinear and biqua-When the lateral thickness variations occur on a scale that is
dratic exchange coupling terms. In these calculations the amuch less than the in-plane exchange correlation length, that
gular spatial variations of the magnetic moments inside thés on a length of the order of the domain-wall width, the
whisker and across the film were includ@dlhe theory de-  biquadratic exchange coupling due to lateral thickness varia-
scribed in Ref. 22 was used to determine the strengtlls of tions becomes negligible; see Eg.17) in Ref. 4. The STM
and J, by comparison with the experimental Kerr data. A studied® have shown that the interface alloying is distributed
large number of measurements showed that a pal} @fas  laterally on an atomic length scale, and in this case the in-
proportional to the measured value &. We found that terface roughness caused by any interface alloying should
J,~0.1+(0.16J4]). This is an interesting result that re- make a negligible contribution td,. The atomic roughness
quires a brief comment. Stoeffler and Gautier predicted that the second interface, Cr/Fe, is different from that at the
presence of a biquadratic exchange coupling term for Fe layfirst interface, Fe/Cr, and is not due to interface alloying. The
ers coupled through @01).1* The origin of this coupling is  roughness at the second interface can be caused by two ef-
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FIG. 8. Calculated MOKE signal for a 20 ML F01) film
exchange coupled to a bulk @81) substrate and assuming an in-
homogeneous distribution of the bilinear coupling strerjthThe

. > _'2 ", 2 "' o biquadratic coupling strength, has been set equal to 0.3 ergsfcm
Magnetic Field in [k0e] for all curves. The probability of a coupling strength=J,P(J),
has been taken to bB(J)=[1/(wAJ)Y?]* exp[—[(I—(I)AIH}
FIG. 7. The longitudinal MOKE signal for the same sample aswith (J)=—1erg/cn}. Curve (A) AJ=0. Curve (B) AJ

in Fig. 6 as a function of the applied magnetic fighth=1.3kOe  =0.2 ergs/crh Curve(C) AJ=0.5 ergs/crh

and H,=4.8kOe. Notice that the saturation fiett}, is higher in

MOKE than that in BLS. The difference between the MOKE and  Neutron-diffraction and MOKE studies by the Bochum

BLS measurements of the critical field, is caused by lateral in- group?® using Fe/Cr/F&01) samples having a high density

homogeneities in exchange coupling, see the text for the detailof atomic steps, showed that the ground state in Fe/Cr/

These values of, andH, correspond tal;=—1.16 erg/crhand  Feg001) multilayers exhibits a noncollinear orientation of the

J,=0.27 erg/crh. magnetic moments for which the approach to saturation can

be described by the Slonczewski magnetic proximity

modef® in which the exchange energy depends quadratically

coverage of the last atomic layer, aftl® by changing the )
o . : on the angle between the magnetic moments of the ferromag-
distribution of atomic terraces during the growth. Efféat netic layers,~ (A 6)2. All our MOKE and BLS measure-

most likely plays a minor role in carefully prepared samples X .
where the Cr interlayer is continuously monitored by meand"€nts carried out on Fe-whisker/Cr(B61) samples that
of RHEED; see above. The interface roughness due to th&¥eré prepared with the best possible interfades density

redistribution of atomic steps at the top Cr surface, ¢age Of atomic stepsare consistent with the use of bilinear and
could lead to the most serious consequences. In this case tRluadratic exchange coupling terms, Eg). In particular,

Cr thickness varies by 1 ML across the sample surface anéle BLS data show unambiguously that for fields slightly
the lateral scale of the variations in Cr thickness would beabove the critical fieldH, the iron film and whisker moments
given by the mean distance between the Cr nucleation cer@re parallel, whereas for fields slightly less than the critical
ters,~800—900 A. This thickness variation could result in afield H, the thin film and whisker moments are antipardilel.
significant decrease of the bilinear exchange couplindue  The approach to saturation at the critical field as observed

to a near cancellation of positive and negative contributionsising MOKE, and the onset of the antiferromagnetic con-
to J;. At the same time the large scale lateral variations infiguration at the critical fielH, see Fig. 7, is more gradual
the Cr spacer thickness would lead to a large contribution tehan is calculated using the sum of bilinear and biquadratic
J,. For such large scale lateral inhomogeneities the approxiexchange coupling terms of E(.); see Fig. 8, curve A. The
mations used to derive Slonczewski’'s fornfdlare not di-  calculated approach to saturation clearly exhibits a well de-
rectly applicable. The angle between the magnetic momenténed kink at the fieldH,: the experimental measurements
of the two coupled Fe layers deviates strongly from its meamsually show a concave gradual approach to saturation; see
value from place to place along the surface. For large laterdfig. 7. According to the calculations the antiferromagnetic
inhomogeneities micromagnetic calculations were carriec¢onfiguration of the Fe magnetic moments is reached via a
out by Arrott?* Model calculations showed that the calcu- first-order phase jump; the experimental measurements show
lated magnetization loops were similar to those obtained usa more gradual s-shaped change. These experimental MOKE
ing the bilinear and biguadratic exchange interactions, Edfeatures can be explained by an inhomogeneous distribution
(1), with a strong biquadratic exchange coupling contributionof the exchange coupling strength. A 10% variation in the
for which the total magnetic moment does not show anyexchange coupling across the measured area would result in
lower critical fieldH, and the ground state is noncollinear. hysteresis loops that are very similar to those observed using
However, the measured hysteresis loops and BLS measurbOKE; compare Fig. 7 with Fig. 8. In fact an inhomoge-
ments exhibit a behavior in which the biquadratic exchangeaeous distribution of the exchange coupling also explains
coupling is much less thady . Therefore one can conclude observed differences between values of the critical fielgs
that the observed low values of the bilinear exchange couthat have been obtained using the MOKE and the BLS tech-
pling are not due to the redistribution of atomic steps, but ar@iques. The BLS measurements on Fe/Qi0B& always
more likely to be the direct consequence of interface alloyyield lower values for the critical fielti,, with correspond-

ing. ing lower values of the exchange coupling strength, com-

fects: (a) by terminating the Cr growth not exactly at a full
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pared with that obtained using MOKE. The BLS thin-film fields are not available the approach to saturation in a
resonant modes were also visibly broadened for externadtrongly coupled but inhomogeneous system can easily be
fields greater than the saturation figith, where the thin- interpreted in terms of the Slonczewski magnetic proximity
film magnetic moment is parallel to the Fe-whisker momentmodel. One should always consider the possibility of inho-
(The thin-film resonance mode was observed to be muchogeneous coupling. The combination of BLS and MOKE
narrower at a field midway betwedt, andH, where the ~Measurements provide_s a test for the presence of inhomoge-
thin-film and whisker magnetizations are nearly N€oUS interlayer coupling. _
orthogonaf) The difference between critical fields measured _Recent calculatiorié predict that the exchange coupling
using BLS and MOKE, as well as the broadening of the BLSough Cf001) spacers which have ideal interfaces can be
signal for fields greater thaHl,, can be explained by an described by Slonc_:zewskl’s proximity moa‘él_n which the
inhomogeneous distribution af, and J,. The BLS tech- exchange energy increases quadratically with the angle be-

nique measures the frequencies of the rf resonance modd¥/een the m?gnetic moments of the Fe layers, exchange en-
The mode corresponding to the thin Fe film covering the C/T9Y ~(A©)7. In that case, for AF coupling, the total mag-

spacer exhibits a resonance at a field that is the algebra[t€tic moment approaches saturation gradually; there is no
average of local inhomogeneous resonance figtdsre- torque free solution in high fields. The BLS and MOKE mea-

sponding to the distribution of local exchange couplingSUréments using Fe-whisker/Cr(B61) samples having a
strengths and the broadening of this BLS resonance peak i0W density of atomic steps exhibit much weaker coupling
related to the distribution of the local resonance fields. Orjhan that obtained from the first-principles calculatishand
the other hand, in the MOKE studies a complete saturation id1€r€ iS strong evidencesee above that the measured

observed only after the external field reaches a value corr&@Mples can be fully saturated in sufficiently large external
sponding to the maximum value of the critical fiett, dis- fields. The discrepancy between the experimental results and

tribution: this maximum value ofi, is larger than the field the theoretical expectations is very likely caused by the pres-

corresponding to the rf resonance pealgebraic average ence of interface alloying at the Fe/Cr interface. Interface
The observed differences between the MOKE and BLS meg2/0¥ing significantly decreases the exchange coupling and
surements clearly indicate that the coupling through Cr is nofn@y even change the functional angular dependence of the

even homogeneous across an area a few micrometers in &999“”9 between the F? layer magnetic moments. It is inter-
ameter corresponding to the laser spot size in the BLS me sting to note that the first calculations carried out by Stoef-

surements. It is important to point out that it is very difficult er @nd Gautief yielded an angular dependence that is well

to exactly reproduce the strength of the exchange couplin€Scribed by bilinear and biquadratic exchange coupling

from one Cr growth to the next. Small variations in the erms [Eq. (1?] with JZ/J1~1_4%' This calculation s in_
growth conditions can lead to variations Jp as large as a agreement with our observations. However, the calculations

factor of two. It was possible to obtain the results shown inVere carried out for a spin system that was not completely

Fig. 4 only after an extensive series of experiments usin%elaxed' Fully relaxed first-principle calculations of the an-
different growth conditions. Quantitatively reproducible re- ular dependence of the interlayer exchange coupling in

sults were obtained only for a very specific set of conditions S2MPles having an intermixed Fe/Cr interface are needed in

the RHEED intensity oscillations must be cuspy and unat_order to address this problem of t.he t_heoretical angular de-
tenuated during the growth; the RHEED specular spot profil@endence of the exchange coupling in the presence of al-
corresponding to an intensity maximum must be as narrow a9Yed interfaces.
the spot profile for the bare whisker surface; and, most im-
portantly, the minimum RHEED intensities must remain ROLE OF INTERFACE ALLOYING
very close to zero throughout the entire growth. It is difficult
to satisfy all of these conditions during any one growth. The Recently, Freyss, Stoeffler, and Drey8davestigated the
RHEED intensity oscillations shown in Fig. 2 in which the phase of the exchange coupling for intermixed Fe/Cr inter-
intensity minima gradually increase during the growth isfaces. The calculations were carried out using a tight-binding
common; see Fig. 2 caption. The problem in establishing thel-band Hamiltonian and a real-space recursive method for
required growth conditions lies in the fact that the Fe whis-two mixed layers: F®01)/Cr,Fe, _,/Cr,_,Fe/Cr,, where
kers must be lightly attached to the Mo support block inn represents the number of pure Cr atomic layers. This simu-
order to avoid damaging them. Thus the thermal contact bdates our experimental studies which were carried out on
tween whisker and support block is not reproducible, andspecimens for which the first few atomic Cr layers were
hence the temperature of the whisker cannot be preciselgrown at lower substrate temperatures where the surface al-
measured. Variations in whisker temperature during the Cloying is mainly confined to the two interface atomic layers.
growth lead to variations in interface alloying at the Fe/CrThe calculations were able to account for two important ex-
interface, and hence lead to variations in the couplingoerimental observations. First, the crossover to antiferromag-
strength between the Fe whisker and a subsequently growmetic coupling and onset of short-wavelength oscillations
Fe film. was predicted to occur at 4-5 ML of Cr, in good agreement
In our view the observation of a gradual approach to satuwith our observations, see Fig. 4, and in agreement with the
ration using MOKE does not necessarily imply an exchangeNIST studies using the SEMPA imaging technique. Second,
coupling energy proportional toA()?> as proposed in the the phase expected for perfect interfatgB coupling for an
Slonczewski magnetic proximity mod&.MOKE measure- even number of Cr monolayers, FM coupling for an odd
ments can only be carried out to fields as large as the maxihumber of Cr monolayeysvas found to be reversed for
mum available. This means that if sufficiently large applied=0.2. In other words, a Cr layer containing more than 20%
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iron acted as if it were part of the ferromagnetic iron layerwhisker/11Cr/2Ag/20R®01)/20Au. The growth of Ag at
rather than acting like part of the Cr spacer layer. This resull, ,=105°C resulted in nearly perfect layer by layer
is also in very good agreement with our studies. Samples fogrowth. The growth of Cu using,;= 65 °C was less perfect
which the Fe/Cr interface was prepared at 150 °C, and showsut still showed well defined RHEED oscillations, even for
ing only a weak interface diffusiomx¢-0.2),***®exhibited a  the second anti-Bragg condition, indicating that the atomic
phase for the exchange coupling that was reversed from thgfeposition of the Cu layers was reasonably smooth. Mea-
expected for perfect interfaces. _ surements carried out using BLS and MOKE gave similar
We tried to avoid interface mixing by decreasing the subyegylts, and the resultsifa 1 ML interface layer were simi-
strate temperature during the growth of the first Cr atomiqgy to the results for the 2 ML interface layer for both the Cu
layer. We found that the quality of the subsequently deposzng Ag layers. The results of BLS and MOKE studies were
ited Cr layers was noticeably poorer once the. initial SUbStrat%uaIitatively the same as those shown in Figs. 6 and 7. Speci-
temperature was decreased below 100 °C. Since we were npfens were prepared during the same molecular beam epitaxy
able to defeat interface mixing using a direct approach, we\BE) growth having two different spacer configurations on
decided to use heterogeneous Cr spader€r layers were  the same whisker. The @02) spacer was common to both
deposited on the Fe-whisker substrate using the standagdgions, but a shutter covered half the whisker during the Cu
recipe known to produce a smooth layer-by-layer growthang Ag depositions. In this way the effect of Cu or Ag layers
(Ts,0p~300°C, see the section on growttHowever, the  on the exchange coupling could be studied free from uncer-
last deposited atomic layer, te+1 layer, was prepared tainties in the coupling strength due to slight variations in the
using codeposition of Cr with Fe to produce a Cr-Fe alloy.cy growth conditions. The results of the measurements using
RHEED intensity oscillations and RHEED patterns were ba- ML of Cu or Ag were as follows:
sically unchanged and showed that the Cr-Fe alloy layer Wag g Fe whisker/11Cr/20Fe/20Au;);= —0.4 erg/cn, J,
atomically flat. Two alloy concentrations were used: Cr—q 18 erg/cr;
85%-Fe 15% and Cr 65%-Fe 35%. BLS and MOKE (11 Fe whisker/11Cr/2Cu/20Fe/20Au; J;=—0.81 erg/
measurements$ revealed that the exchange coupling be-cpe, J,=0.3 erg/cri;

tween a thlr(20 ML) iron film and the whisker substrate was (2&) Fe WhlskerlllCr/ZOFeIZOAqu: -1.3 erg/cn% J,
essentially the same as that observed for a putayer Cr  _ 35 erglcrh; '

spacer layer. The system behaved as if the Cr alloy Iaye(er) Fe whisker/11Cr/2Ag/20Fe/20Au; J,=—1.0 erg/
formed part of the iron film. This result strongly supports the .2 J,=0.35 erg/crh

idea that interface alloying at the Fe-whisker/Cr interface 4 penhavior of the exchange coupling in the Fe-whisker/
leads to the observed phase reversal of the Sh0rt'Wavelengi'lCrll—ZCu/Fé)OD samples is most surprising. The

exchange coupling oscillations rglati_ve to a system ha"i”%trength of the exchange coupling in these samples was
perfect interfaces. Moreover, this picture has recently resy 14 to increase twofold compared to that observed in

ceived strong support from magnetic circular dichroism meag, mples having a simple 11 ML Cr spacer layer. This is an
surements carried out by Schneidgral™ Their data have noyhected result. In all of our previous studies, using Fe/

shown that the magnetic moment of the first Cr layer deposCu/Fe(OOl) structures containing a wide range of heteroge-

ited on iron is parallel with the iron moment. , neous Cu spacers, the exchange coupling was always found
The fact that one needs only a small concentration of Fe, qecrease due to the presence of alloyed atomic layers in-
to reverse the phase of the coupling is a rather surprisingjje the nonmagnetic spac&rThe situation for the Fe/Cr/

result, especially considering the. further recent calculation%u/Fe(OOD specimens is definitely different. Mirbt and Jo-
by the Strasbourg grouf. The article by Freyss, Stoeffler, pansson presented calculatiththat are in accord with our

and Dreyssementioned abové also contains calculations (eg s Their calculations show that the enhanced coupling
carried out for a single interfacial alloyed Iayer:_they t_reatedstrength in Fe/Cr/Cu/R801) samples is due to a change in
the system Gy/Cr,Fe, /Fe(001), where R80) is a thick o gpin dependent reflectivity of the Cr spacer electrons at
substra;e and is the number of.pure Cr atom|cllayers. Their yhe cr/cu/Fe interface. The presence of the Cu atoms
calculations showed that for iron concentrations Iess tha’&hanges the spin dependent interface potential due to hybrid-
50% the Cr_-alloy _Iayer behaves I!ke a pure Cr atomic layerization of the Cu electron states with the Fe electron states.
Thl_s result is not in agreement v_v|th our experimental obsergince the Fe majority spin band lies closest to the Fermi
vations that even a concentration of Fe as small as 15%,q| the effect of hybridization will be most pronounced for
causes the alloy layer to behave like Fe rather than like purgye majority spin Fe band. The hybridization with Cu results
Cr. The discrepancy with theory remains to be explained. ;, 5 downward energy shift that moves the Fe majority spin
band below the Fermi level. An energy gap is created at the
Cu/Fe interface, and consequently the majority spin electrons
in Cr undergo a nearly perfect reflection. The states for mi-
Heterogeneous Cr spacers were prepared in order to tesbrity spin electrons are very little affected by the Cu, and
the effect of interface composition on the exchange couplingherefore their reflectivity is left unchanged. It follows that
strength. Two specimens were grown with a Cu interfacghe spin reflection asymmetry is increased leading to an in-
layer between the Cr spacer and the Fe thin film: Fe-whisereased coupling?—°The effect of a Ag spacer on the cou-
ker/11Cr/1Cu/20F®01)/20Au and Fe-whisker/11Cr/2Cu/ pling in Fe/Cr/Ag/Fe is less dramatic. Calculations show that
20F€001)/20Au, where the integers represent the number othe spin asymmetry in reflectivity is somewhat decreased
atomic layers. Two specimens were grown with a silver in-leading to an overall decrease in the exchange coupling. The
terface layer: Fe-whisker/11Cr/1Ag/20B61)/20Au and Fe- theoretical calculations of Mirbt and Johansson suggested

ROLE OF MULTIPLE SCATTERING
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that a proper model for exchange coupling through spinthe top Cr surface atomic layer is smooth, with large atomic
density waves in Cr has to include two contributiof®:a  terraces corresponding to those of the Fe whisker, and is
spin dependent potential due to the magnetic moments on théhaffected by interface alloying during the deposition of the
antiferromagnetic Cr atomsb) a spin dependent potential at Mn. Therefore variations in the exchange coupling due to the
the Fe/Cr and Cr/Fe interfaces. The first contribution for Craddition of the Mn layers are primarily due to the presence of
layers thinner than 24 ML can be described by a Heisenberghe Mn atomic layers and their magnetic state. There is no
like Hamiltoniart* with AF coupling between the Cr mag- intermediate Cr-Mn mixed region similar to the Cr-Fe mixed
netic moments on adjaceri00)) planes and a strong AF egion that occurs at the Fe-whisker/Cr interface.

coupling between the Cr and Fe atomic moments at the in- "o following samples were studied) F&001)/11Cr/

terfaces for perfect interfaces, and with modified eXChangﬁMn/ZOFQOO])/ZO Au: (i) Fe(001)/11Cr/2Mn/20F€001)/
interactions for alloyed interfacé8 The second contribution 20Au: (iii) Fe(OOl)/:,LZCr/3Mn/20F(aOO:D/20AU' and (iv)
leads to spin dependent reflectivities at the interfaces. Thﬁe(oo,l)/ﬂCr/SMn/20Fé001)/20AU- Sample(i) \’Nas grown
spin refl_ectivites. are parameters closely associated with par?ﬁgether with FE01)/11Cr/20F€001)/20Au on the same
magnetic behavior. In the Mirbt and Johansson calculatfons \pisker using a shutter. This configuration allowed one to
the contribution of the spin-density wave oscillatory ex- compare the strength of the coupling in samples with and
change coupling is out of phase with that of the multiple,,iihout Mn but having a common Cr layer. MOKE and BLS
scattering in samples of Fe/Cr/Cu/Fe. This means that aGheasurements showed that 1 ML of Mn did not change the
cording to their theory the strength of the exchange couplingyase of the coupling. The coupling was found to be AF for
should be decreased by the presence of a Cu layer at t?gti‘?)th the 11 ML Cr spacer and the composite spacer, speci-
interface. However, the measured exchange coupling in Fef\an i) The BLS and MOKE results were qualitatively simi-
Cr/Cu/F_eéOOl) samples_was found to be increased comparegl 1 those shown in Figs. 6 and 7. The exchange coupling
to that in samples having a pure Cr spacer l&f@/CI/F8.  gyengths for(i) were as follows: F@01/11Cr/20Fe/20Au:
The experimental result implies that the spin-density a”dJl:—O.68 erg/crﬁ J2:O.24erg/crﬁ' Fe(001)/11Cr/1Mn/
multiple scattering contributions to the total exchange COU'ZOFe/ZOAu;le —’1.7erg/crﬁ, 32:0-,55 erglcrh. Note that
pling act in phase. The phase of the mult|ple scattering igpe exchange coupling was significantly enhanced by the Mn
very dependent on the structural details of the interfaceg yer. It is commonly believed that the Mn magnetic moment

consequ_ently it is not _surpriSing that the observed phase q strongly ferromagnetically coupled to the Fe magnetic
the multiple scattering in real Fe/Cr/Fe samples was found O oment’28and therefore the sign of the coupling should be

be opposite to that calculated assuming ideally smooth 'merunchanged in agreement with the observations. For the com-

faces. posite specimen containing 2 ML of Mn, @91)/11Cr/2Mn/
20Fe/20Au, the results werel;=—0.62erg/crh, J,
=0.14 erg/crA. Therefore the phase of the coupling was
again found to be the same as that for the pure Cr layer. The
It is known that even small concentrations of Mn in Cr second atomic layer of Mn was expected to be AF aligned
results in a strong and commensurate antiferromagnéfism.with respect to the first Mn atomic laygr>® Assuming that
It was therefore thought to be of interest to investigate thehe Mn(001) planes are magnetically uncompensated, this
phase and the strength of the exchange coupling between Feuld lead to a phase reversal of the exchange coupling
layers separated by layers of a Cr-Mn alloy. To this end wevhen specimeniii) was compared with the specimen con-
attempted to grow Fe/Cr-Mn/Fe structures. Unfortunately wedaining a pure Cr interlayer. Such a phase reversal was not
found that the Mn atoms have very strong tendency to segebserved. The exchange coupling in sam(iiie was found
regate on the surface during the growth. It was necessary to be ferromagnetic and the coupling in samgie) was
maintain a substrate temperature greater than 200 °C in ordévund to be antiferromagnetic. This shows that the exchange
to obtain a good layer by layer growth. At this temperaturecoupling oscillates with the same phase and the same peri-
the top surface layer contained a strongly enhanced concendicity of 2 ML as was observed using pure Cr spacer layers.
tration of Mn (~50%). In view of this surface segragation,  Although the sign of the coupling for the 3 ML Mn case
and since the interfaces play a very crucial role in exchanggsample(iv)] was the same as for a pure Cr spacer of the
coupling, we decided to grow pure layers of Mn between thesame thickness, the magnetizations of the whisker and the 20
Cr and the Fe layers. Eleven or 12 ML of Cr were grown onML Fe film were noncollinear in the ground staté=0; see
an F€001) whisker using growth conditions optimized for Fig. 9. For an 11 ML pure Cr spacer the whisker and Fe thin
layer-by-layer growti{see the section on growthMn layers  film magnetizations are oriented antiparallelHst 0.
were deposited on the Cr at a substrate temperature of The presence of a strong biquadratic exchange coupling in
120°C. The substrate was allowed to cool to room temperathe sample with the 3-ML-thick Mn layer, sampli&r), can
tures and 20 ML of F®01) were deposited on the Mn, and be related to the interface roughness. The growth of the third
a protective layer of 20 ML of A(D01) were deposited on atomic layer of Mn did not proceed as well as for the first
the iron. At 120°C the deposition of the first two atomic two atomic layers. Consequently the third deposited Mn
layers of Mn proceeds in a good layer by layer growth withatomic layer was probably partially filled, resulting in atomic
large RHEED intensity oscillations at the second anti-Braggerraces and corresponding atomic steps. The magnetic mo-
scattering condition. At substrate temperatures well belownents around the atomic steps are probably magnetically un-
100 °C the Mn does not segregate on Fe. In this way one isompensated, and this could result in a random oscillation of
able to grow well defined Fe/Cr/Mn/Fe structures havingthe magnetization between being parallel and antiparallel to
smooth and abrupt interfaces. It should be pointed out thahe Fe film magnetic moment. The coupling between the Fe

MAGNETIC STATE OF Mn (001) IN Fe/Cr/Mn/Fe
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Magnetic Field [k0e] FIG. 10. The critical fieldH, obtained from MOKE measure-
ments as a function of the F®1) thickness for an Fe-whisker/
FIG. 9. Longitudinal MOKE signal for the sample Fe/11Cr/ 11Cr/wedged Fe/20Au specimen. The Cr layer was deposited using
3Mn/20Fe/20A001). J,~0.8 erg/cm, J;<J,. The rapid change optimal conditions for a smooth growth. The wedge-shaped iron
in the MOKE signal aroundtd=0 corresponds to the remagnetiza- film was grown by means of a slowly moving shutter.
tion process of the Fe whisker. Note that there is no field region
where the magnetic moment of the 20-ML-thick Fe film lies anti- THE DEPENDENCE OF THE EXCHANGE COUPLING
parallel to the Fe-whisker magnetization. The ground state is non- ON THE THICKNESS OF THE Fe FILM
collinear.

MOKE signal
Critical Field H

The spin-dependent potential in multilayer films creates

. . i ) electron confinement and resonant states which are respon-
and Mn atoms is most likely confined to a nearest neighbogipie for the oscillatory behavior of the exchange coupling.

exchange interaction, and that would result in a lateral Spati‘%ecording to theoretical calculatioH®® such states are not
variation of the coupling between the Mn and Fe atomiCrestricted to nonmagnetic spacers, but are also present inside
moments thereby providing the proper conditions for the onthe ferromagnetic layers, and the coupling cannot be entirely
set of a strong biquadratic exchange coupfihg. described by an interaction that is localized at the interfaces.
The assumption that the magnetic state of Mn in Fe/Crirhe energy terms coming from the electron confinement in
Mn/Fg001) structures can be described by commensuratéhe ferromagent layers due to multiple reflections and the
antiferromagnetism with uncompensat@d1) planes is not interference of such states with the states inside the spacer
necessarily correct. In recent calculations by ¢euet al>®  layer results in a variation of the interlayer exchange cou-
the magnetic structure of bct Mn in bulk was studied as gling with the ferromagnetic layer thickness. Calculations
function of the tetragonal distortiort/a. The calculations and experimental studies on the Co/Cuf@i) (Ref. 46
showed that bct Mn grown on F@91) is in a magnetic state and the Fe/Au/F@01) system$’ have shown that the ex-
that is at the border line between the AF1 configurationchange coupling contains a component that oscillates as a
having the magnetic moments parallel(®01) planes, and function of the ferromagnetic layer thickness. However, the
the AF3110 configuration, having ferromagnetic planes ori- oscillatory part is smaller than the total strength of the ex-
ented along110), and fully compensate(D01) planes hav- change coupling so that the sign of the coupling is deter-
ing zero net magnetic moment. The calculations showed thahined by the thickness of the nonferromagnetic spacer layer.
the lowest energy state is just marginally the AEB) state, Okuno and Inomaf4 reported a strong oscillatory depen-
only 4 meV/atom lower in energy than the AF1 state. Thedence on iron thickness of the exchange coupling in Fe/Cr/
AF3(110 state would not lead to an alternating sign of ex-Feg001) specimens. The period of the oscillation was 6 ML.
change coupling with increasing Mn thickness, and would béHowever, the specimens used in their work were multilayers
in agreement with our experimental observations. The aboveharacterized by rough interfaces, and the exchange coupling
calculations show that the independence of the sign of thexhibited no short period2 ML) variations with Cr thick-
exchange coupling on Mn thickness is not at variance witmess. We have measured the dependence of the exchange
expectations based on the assumption that Mn grown oooupling strength on iron film thickness using an(GB)
Fe(001) takes on the bulk bct Mn structure. This view is whisker substrate, an 11 ML layer of Cr, and a wedge-shaped
further supported by recent theoretical and experimentaFe layer prepared by means of a slowly moving shutter. This
studies. Wu and Freem#rshowed that one atomic layer of structure was capped by a 20 ML layer of gold. The Cr was
Mn on Fe&001) is compensatedordered antiferromagneti- deposited using optimum conditions for a smooth growth.
cally). Recent experimental studies using magnetic circulaiThe results are shown in Fig. 10. There is no evidence for an
x-ray dichroism(MCXD) (Refs. 41 and 4P2showed no net oscillatory dependence of the coupling strength on iron film
magnetic moment for higher Mn coverages on(0®4).  thickness. Figure 10 clearly shows that the upper saturation
Also, recent electron capture experiments using the scattefield H, increases gradually with decreasing Fe layer thick-
ing of He" ions showed no magnetic moment for higher Mn ness as expected from micromagnetic calculations assuming
coverages on F& These results are consistent with the con-a constant value for the strength of the interlayer exchange
clusion that the M(D01) atomic planes are antiferromagneti- coupling. We have also prepared a specimen
cally ordered and magnetically compensated. Fe(001)/11CrinFe/20Au in which four different iron thick-
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19 . , ‘ two iron whisker substrates; each substrate carried two speci-
mens containing the same 11 ML of Cr. For Fe whisker
#1 the structure and coupling strengths observed were:
(1a whisker/11Cr/20Fe/20Au; J;=—0.82 erg/crf,
J,=0.3erg/cr; (1b)  whisker/11Cr/20Fe/11Cr/20Au;
J;=—1.6 erg/cm, J,=0.33erg/cri. Clearly the substitu-
tion of Cr for Au at the upper Fe film surface caused a
substantial increase in the coupling strength. For Fe whisker

#2 the structure and coupling strengths observed
were: (28 whisker/11Cr/18Fe/11Cr/20Au);=—1.75
| ' . erg/cnt, J,=0.36 erg/cri
o . 8 28 50 10 (2b) whisker/11Cr/15Fe/11Cr/20AuW; = — 1.25 erg/cr, J,
Fe thickness =0.35erg/cm. In the latter structure only the Fe thickness
was varied by 3 ML and this change has clearly had an effect
FIG. 11. F_:e thickness dependence of the critica_l _fiIdI@I_as on the bilinear coupling strength, . Note that the biqua-
measured using MOKE® ), using BLS(A), and the critical field  gratic coupling term is essentially the same for all four speci-
H, obtained from MOKE measuremen(®). All four samples  ans Since the exchange coupling for Cr/Fe/Cr films de-
were prepared during the same MBE growth. The shutter wage 4o ynon the Fe film thickness, it follows that the Fe/Cr
r.“OVEd three times I.Jy 2 mm along the whisker during the Preparditerfaces support the formation of electron resonance states
tion of the Fe thin films. This means that the(@1) spacer was in the Fe films. On the other hand, the Fe/Au interfaces tend
common to all samples and each sample was 2 mm long. The solig suppress electron resonance st’ates. The full thickness de-

lines are computer fits to the experimental data using the function&P o .
form (const-1/d). This functional form is obtained from simple pendence of the exchange coupling in the Fe whisker/Cr/Fe/

micromagnetic calculationdRef. 4 assuming a constant value for Cr/Au(001) system will be carried out in a separate study.

the exchange coupling and assuming that the Fe whisker can be
treated like a thick film.

2

1
o

Critical Fields H_ and H_in [kOe]

CONCLUSIONS

nesses corresponding to=10, 20, 30, 40 ML were grown Fe whiskers provide the best available templates for the
on the same whisker by means of a moveable shutter. Eadiowth of Fe/Cr/FeD01) structures because their surfaces are
iron thickness region was 2 mm long. Here again, the c@tomically smooth over regions whose dimensions exceed a
layers were deposited using optimum conditions to produce Jlicron- By monitoring the RHEED intensity oscillations and
smooth growth. The results of the measurements are showtPecular spot line profiles during the growth one is able to
in Fig. 11 and listed in Table I. There is no evidence for anPrepare atomically smooth @01) layers for which the last
oscillatory dependence of the exchange coupling on iroiflePosited Cr atomic layer grows with a smoothness similar
thickness. No dependence on Fe film thickness of the ex© that of the initial Fe whisker template. Samples grown at
change coupling was also reported by PafRii/e conclude ~ the optimum temperaturé~300°Q showed unattenuated
that FE001)/Cr/Fg001)/Au samples having a low density of RHEED intensity oscillations having well defined cusps at
interfacial steps, and that exhibit short-wavelength oscillafn® RHEED intensity maxima. The first monolayer of Cr
tions as a function of the Cr layer thickness, display no mea€Xhibits a unique behavior; the first RHEED intensity oscil-
surable variations of the exchange coupling strength as &tion shows a strong peak having a very sharp cusp even at
function of the Fe film thickness. It appears that the ex-Substrate temperatures as low as 150 °C. This indicates that
change coupling between Fe layers separated by a Cr spadBF first atomic layer is very smooth and reproduces the tem-
can be ascribed to interactions that are localized to the inteflaté. The situation changes when Cr is deposited on a Cr
faces. However, our recent experiments do indicate that thigmplate. In that case the growth of Cr proceeds layer by
exchange coupling is sensitive to the Fe film thickness whetfY€r only if the substrate temperature is adjusted to an op-
the iron film is capped with Cr to produce the structurelimum growth temperaturels o~ 250-300°C. In order to

Fe(001)/11Cr/Fe/Cr/20Au. Specimens were prepared using?btain a final Cr atomic_layer h_aving a low density of atomic
steps one must deposit the first Cr layer at a temperature

greater than 100 °C. ARAES studies have shown that inter-
face alloying is present at the Fe-whisker/Cr interface even at
"substrate temperatures as low as 100 °C. This means that the
first deposited layer of Cr is atomically smooth but is chemi-
cally inhomogeneous due to interface alloying with the Fe

TABLE I. The dependence of the bilinedy and biquadratid,
exchange coupling parameters on iron film thickness for a
Fe-whisker/11 Cd Fe/20Au specimen, wherd is the iron film
thickness in monolayers, andJ, are in erg/crfy see Eq(1) of the

text. substrate as the result of an atom exchange mechanism. It

BLS MOKE should be noted that this atom exchange mechaniem_does not

d 3, J, R 3, operate when Fe is deppelted on Cr, so that, in pnnmplez Fhe
Cr/Fe interface can exhibit an abrupt change in composition
10 0.74 0.23 1.0 0.25 in contrast with the Fe/Cr interface. We showed that the
20 1.02 0.23 1.1 0.33 initial stages of the Cr growth strongly affect the strength
30 0.96 0.23 1.15 0.31 and the type of exchange coupling. Lowering the substrate
40 0.95 0.23 1.08 0.34 temperature during the growth of the first Cr atomic layer

helps to increase the strength of the exchange coupling.
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BLS and MOKE measurements have shown that the exfurther studied by fabricating specimens having the structure
change coupling in Fe/Cr/F@01) structures having a low Feg001) whiskerNCr/nX/20F€001)/20Au whereN is the
density of atomic steps is well described by the sum of bi-number of atomic layers of Cr artis the number of atomic
linear and biquadratic angular terms; E@). The bilinear layers of a different metaX. We usedX=Cu, Ag, and Mn.
exchange coupling strength exhibits short- and long-The number of Cr atomic layers was restricted\te 11 and
wavelength oscillations. The long-wavelength oscillations12 for these experiments. The results of studies using MOKE
are dominant for Cr thicknesses less than 8 ML. The shortand BLS to investigate specimens containing Cu or Ag in-
wavelength oscillations are dominant for thicknesses greataerface layers indicated that the exchange coupling through
than 8 ML. The biquadratic coupling term is always presentatomically smooth Cr layers greater than 8 but less than 24
but is less than 20% of the bilinear exchange coupling termML thick can be understood as a combination of a spin-
The Fe magnetizations are always collinear in the groundlensity wave contribution describable by a Heisenberg type
state of the Fe/Cr/k801) system: they are either parallel of Hamiltoniart* plus a quantum well contribution due to
(FM coupling or antiparallel (AF coupling. It has been multiple scattering at the interfaces. This conclusion is sup-
pointed out that deviations between measured magnetizatigrorted by the recent first-principles calculations reported by
loops and magnetization loops calculated using bilinear anMirbt and Johanssoit. However, alloying at the interface
biquadratic interfacial coupling terms, Ed), are caused by between the iron-whisker substrate and the Cr, mediated by
lateral variations in the exchange coupling parameters. Thesgn atom exchange mechanism, severely affects the exchange
lateral variations amount te 15% of the mean value and are coupling through Cr layers less than 8 ML thick. In this
characterized by a lateral scale that is smaller thapuD  regime the exchange coupling exhibits a large antiferromag-
They are very likely caused by interfacial alloying at thenetic background plus a small superimposed short-
Fe/Cr interface. Interface alloying affects several features ofvavelength contribution. The Fe/Cr transitional region re-
the short-wavelength oscillation&) The first crossover to verses the phase of the short-wavelength oscillation and
antiferromagnetic coupling occurs at 4 Mlb) the strength  severely reduces the strength of the coupling relative to that
of the short wavelength oscillations is weak for Cr thick- expected for a perfectly sharp interface.
nesses between 5-9 ML(c) the phase of the short- The results of MOKE and BLS experiments using speci-
wavelength oscillations is reversed from that expected fomens containing Mn interface layerX € Mn) can be under-
perfect interfaces and a Cr spacer containing a spin-densigtood assuming that th@01) planes of the Mn are fully
wave; (d) the strength of the measured exchange coupling isnagnetically compensated. This assumption agrees with re-
significantly smaller than that obtained from first-principles cent theoretical calculatiofisfor bulk bct Mn having the Fe
electron band calculations. Recent theoretical calculationm-plane lattice spacing. It is also in agreement with magnetic
have been able to explain poir{gy and(c). Points(b) are(d)  x-ray dichroism and electron capture measurements carried
have not yet been fully addressed, but one intuitively ex-out on Mn grown on an K801) template’~**The phase of
pects, and the results of calculations indic4téhat a first-  the exchange coupling through the Fe-whisker/Cr/Mn/
principles calculation taking into account interfacial alloying Fg(001) samples was unaffected by the presence of the Mn
at the Fe/Cr interface would lead to significantly decreasedayers: the strength of the coupling was increased by the
values of the exchange coupling compared to those obtainefdctor 2.5 for the case of 1 ML of Mn. The specimen con-
for perfect interfaces. However the full angular dependenceaining three atomic layers of Mn exhibited a noncollinear
of the exchange coupling should be calculated in order tanagnetic ground state and a large contribution to the bigua-
explain the experimental fact that the coupling can be dedratic exchange coupling terfieg. (1)]. This noncollinear
scribed by bilinear and biquadratic coupling terms and not byyround state and relatively large biquadratic exchange is
the proximity effect term 4 6)? that is expected to be valid most likely caused by interface roughness. Uncompensated
for ideal interfaces. magnetic moments of the Mn atoms in partially filled atomic

The exchange coupling was not found to depend in anyerraces can result in magnetic frustration of the Fe magnetic
measurable way on the Fe film thickness when the iron filnmoments at the Mn/Fe interface and this frustration would
was terminated with a gold layer. This means that the exlikely result in a strong contribution to the biquadratic ex-
change coupling in Fe-whisker/Cr/Fe/@®01) is not affected  change coupling. Further studies of the net magnetic moment
by quantum well and resonance states in the Fe film. Therg Mn layers are needed, perhaps using magnetic x-ray di-
is, however, evidence that the thickness of the iron film doeghroism, to find out whether the noncollinear ground state in
affect the coupling strength when the iron surface is boundethese samples is caused by interface roughness or whether it
by Cr at both surfaces. Experiments on specimens containingonstitutes an intrinsic property of Fe/Cr/Mn(B61) speci-

a Cr spacer layer and a thin Fe layer capped by Cr will be thenens containing thicker Mn layers.

subject of future investigations. First-principles calculations
are needed to understand why electron standing-wave effects
in an iron film terminated by gold appear to be absent com-
pared with those in a thin film terminated by Cr at each The authors would like to thank K. Myrtle for his help
surface. with specimen preparation. The authors would also like to

The role played by the interface in exchange couplingthank the Natural Sciences and Engineering Research Coun-
between iron films separated by a chromium interlayer wasil of Canada for grants that supported this work.
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