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Changes in ferromagnetic spin structure induced by exchange bias in Fe/MnHilms
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Depth-dependent Fe spin structures of the remanent state in exchange-coupled,RéfivinRave been
probed using®’Fe conversion electron Mdsshauer spectroscopy, both above and well below theNelF
temperature®’Fe probe layers were embedded either at the Fe/NimtErface or in the center of the Fe film.
Remarkably, exchange bias induces a significant change of the in-plane angular distribution of the Fe magnetic
moments at the interface and inside the Fe film, away from the saturation magnetization direction. Results from
vector magnetometry support these conclusions.
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I. INTRODUCTION In this paper, we report on a depth-dependent Mdssbauer

Exchange coupling between ferromagiet and antifer-  Study of theeffect of EBon the57sp|n structure of a F/AF
romagnel(AF) films, often manifested in a shifted hysteresis System(Fe/MnF). By inserting a‘Fe probe layer at differ-
loop away from zero field,has been extensively studied due ent depth in the Fe layer and using CEMS, we have directly
to its elusive mechanisrfig and important applications in probed the remanent state Fe spin configurations, above and
spin-valve-type devices? Despite the intense research ef- below the Mnk; Néel temperaturéTy=67 K). Surprisingly,
forts, understanding the microscopic mechanisms of exwe find that, in remanence after zero-field cool{@gC), the
change biagEB) has remained a challenging task®-120f  F-layer spins reconfigure due to the AF ordering.
particular interest are the reversal processes occurring in low
fields, indi(;ative of the; domain structures in the F_ and AF Il. EXPERIMENTAL PROCEDURE AND RESULTS
layers. While AF domains have been featured prominently in
both theoreticdf and experimentét studies, F domains Fe-MnF, and Fe-Fef thin films have been extensively
have received much less attentf§riTwo types of domain  studied?!526-2&hus providing an ideal system for this study.
walls may form in the F during magnetization reversal: par-Multilayer samples of 30 A Al cap / 70 A Fe0 A natural
allel and perpendicular to the interface. Becauseritrafer- ~ Fe+10 A>’Fe) / 520 A MnF,(110) / 160 A ZnF,(110) were
romagnetic layer interaction is presumably much strongegrown on MgQ100) by electron beam evaporatiéh?’ The
than theinterfacial interaction, most modelexcept Ref. 3 ZnF, buffer layer was deposited at 200 °C, and the MnF
neglect the F spin structure perpendicular to the interface layer was evaporated at 2 A/s and 325%Che Fe(®*’Fe and
direction). The depth dependence of the F or AF spin struc-hatural F¢ and the Al layers were deposited at 150 °C. A 10
tures in EB systems is difficult to obtain experimentally. A °>’Fe probe layer was inserted either at the Fe-Minfer-
Only a limited number of techniques allow the study of bur-face (interface samplg or in the centeicenter sampleof
ied magnetic interfaces, such as neutron diffractfomag-  the Fe layer35 A away from the Fe/MnFinterface using
netic dichroism’ (or in conjunction with photoemission 95.5% enriched’Fe. Structural characterizations were per-
electron microscopy), and conversion electron Mdssbauer formed by high-angle x-ray diffraction and grazing-incidence
spectroscopyCEMS).1° Studies of EB interfaces using these x-ray reflectivity (GIXR). The MnF, films are twinned
techniques are often challenging. For example, most lowguasiepitaxial with &110) orientation, i.e., a compensated
angle neutron diffraction studies give no indication of struc-surface with the spins in the interface plane, and the Fe lay-
ture in the F due to the AE although some systems exhibit ers are polycrystalline. Besides tfi&e probe layer, our
a depth-dependent magnetization préfilerobably due to samples are comparable to those described e#théAs
structural complications. Magnetic dichroism reveals thin in-determined by GIXR(Fig. 1), the typical roughness at the
terdiffused layers#2! together with the existence of uncom- Fe/MnF, interface is~0.8 nm.
pensated AF sping:?2 Moreover, parallétt and Magnetic hysteresis loops above and below the MnF
perpendicul&?® F-AF coupling were observed during rever- Néel temperature were measured using superconducting
sal. Méssbauer studies of F-AF bilayers indicate in-plane Fjuantum interference devia&SQUID) magnetometry(Fig.
spins?* although out-of-plane F spin canting was also?2). EB was established by field coolitgC) the samples in a
observed?® H=2.0 kOe magnetic field applied in plane along the
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FIG. 3. T dependence of remanem (open trianglesand myy
(solid triangle$ of the center sample measured fé=0 Oe during
ZFC from 150 to 10 K. The prior saturation magnetizatmn(open
circle) andmyy; (full circle) of the sample ati=2 kOe and 150 K is
also shown. The exchange fieltl: (also shown, asteriskof the
center sample was measured during warming up from 10 K after
ZFC to 10 K.

FIG. 1. Low-angle x-ray reflectivity data for the interface
sample(solid line), along with the best least-squares (filashed
line). The obtained Fe/MnFinterface roughnesgrms valug is
8.5 A.

MgO[00]] direction,(x direction from 150 K to belowTy.
At 10 K, exchange fieldsig of -59+2 and -55+5 Oe were . 2 12 -
observed for the interface and center sample, respectivel{Ptl magnetic momentyo= (my+n)Y/2 are shown in Fig. 3.
consistent with previous resuféFor CEMS, an alternative | "€ M values were found to be one order of magnitude
FC procedure was used: the samples were first saturated §n/ler thanm values, makingm and my; comparable
an in-plane field of 4 kOe along Md001] at 300 K, then  Within the wholeT range. o
ZFC in remanence down to loW, and subsequently mea- _ FOr low-T CEMS, we used a channel electron multiplier
sured atH=0 Oe (“virgin” remanent statg The validity of mounted inside a He Cryostgt, and’&o sourcgRh matri.

this procedure was confirmed by similar FC and ZFC hyster] & CEMS spectra of th&’Fe probe layer provide local ,
esis loops at 10 Ke.g.,He=-54+2 Oe for ZFG for the (atomistig mformatlon gbout the spontaneous _angular spin
interface sample, as shown in Fig. 2, also consistent witpfientation at various distances from the Fe-Mifterface.
previous report8? Moreover, for comparison with CEMS, BY comparing the configurations above and below Tie
the T dependence of the remanent magnetic moment compdV@ can distinguish thehangeof Fe spins caused by the
nentsm, (parallel toH and MgQ001]) andm, (perpendicular MnI_ZZ ordering. At eachr, the Fe spin cor.1f|gurat.|on in the
to H and MgQ001]) of the center sample were measured byVi'gin remanent statéaveraged over 10 A in depifs deter-
vector(SQUID) magnetometry ai=0 Oe during cooling in mined from the intensity ratio of the secoxiifth) and the

remanencevirgin remanent staje The results form, and third (fourth) line, Ry3=1,/15, of the Zeeman-split Méssbauer
sextet!®30 |f the magnetic hyperfine fiel¢hf) By (antipar-

allel to the Fe spin directionat the*’Fe nucleus forms an
angley with the Mossbauety-ray direction(cf. Fig. 4, top,

then Ry3=4 sirfy/ (1+cog).%0 In-plane spin configuration
can only be probed witl# 90°, e.g., when the ray incides

at an anglep with respect to the sample plageig. 4, top.

In the more general case, when the Fe spin direction has an
angular distributionP(¢), in the sample plangwhere ¢ is

the azimuth angle relative to the saturation magnetization
(M) axisx], the intensity ratio is given 159

R _fzwl—co&ﬁcos’-(p
27 ), 1+codpcod o

2

P(p)de Withf P(o)de=1.
0

-400 .200 ' 0 ' 200 400 Two simple models can be assumed Rgr): (i) all Fe spins
H (Oe) point only in one directionwith +¢ and « being equiva-
lent); (ii) a steplike angular spin distribution, i.e., the Fe
FIG. 2. SQUID hysteresis loops for the F¥Fe / MnF,(110)  Spins are uniformly distributed inside an apertutegt(rela-
interface sample: field cooled, at 10 (full circles) and at 80 K tive to theMg direction) in a fanlike manner. The orientation
(crossey and also at 10 K in the virgin remanent stafell ¢ of the Fe spins in cag@), or the angular spin aperturé&
triangles. in case(ii), may be obtained from the measurRg ratio *°
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FIG. 4. Top: Schematic illustration of the CEMS geometry. Bot-
tom: CEMS spectra of 10 A’Fe probe layer at the Fe/MpEL.10)
interface for(a), (b) ¢»=90° and(c), (d) $=45° geometries, ag),

(c) 80 K and(b), (d) 18 K. The corresponding CEMS spectra of a
10 A 5"Fe probe layer at the center of the 70-A-thick Fe film on
MnF,(110) are shown ine)—h).
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ing to Ry3=2.7(1) at 18 K. Note that for unidirectionglor
uniaxial spin orientation, along the remanent magnetization
(RM) direction, i.e., forgy=¢=45° andep=0°, the theoretical
R,; value of 4/3=1.33 (Ref. 30 is much lower than the
measured value. The weak interfacial contribut{of only
~15% of the total integrated intensity and saRyg ratio as
the a-Fe sextet does not affect in any way the conclusions
of this paper and, therefore, is not further discussed.

CEMS spectra for the center sample are shown in Figs.
4(e)-4(h) and were least-squares fitted withaaFe sextet.
For perpendicular incidencig-igs. 4e) and 4f)], the mea-
surements again givig,s =4.0, indicating complete in-plane
Fe spin alignment in the centeredFe probe layer. For
$=45°,R,3,=2.3(1) at 80 K[Fig. 4g)], andR,3=2.6(1) at 18
K [Fig. 4h)]. Note that at 18 K, belowly the R,; ratio is
essentially the same as that of the interface sample, whereas
at 80 K, aboveTy their Ry; values are different.

Ill. DISCUSSION

The changes oR,3; upon cooling from 80 to 18 K show
that the EB induces a significant in-plane rotation of the
Fe spins, which causes an angular chaAgebetween the
v-ray direction and theverageorientation of the Fe spins
(or of Byg) of ~11° and~4° at the interface and the center
of the Fe layers, respectively. The observed changdg,f
on cooling the interface sample to 18 K are consistent
either (i) with a uniform (unidirectional or bidirectional
in-plane rotation of unidirectionally aligned interfacial Fe
spins by a difference in anglep(18 K)—¢(80 K)] of 20°
away from the RM direction, ofii) with an increase of
[2A (18 K)—2A¢(80 K)] by 90° of the interfacial in-plane
Fe spin fanning away from the RNK) direction. For the
center sample, although it shows a smaller chang&4ron
cooling belowTy, the Ry; value at 18 K indicates a similar

Using the procedures just discussed, CEMS spectra weiee spin structure to that of the interface sample. Thus, the

obtained with they ray perpendicula$=90° and at an
anglep=45° relative to the sample surfatey plang and to

remanent F spin structure in the EB state is similar, at or
away from the F-AF interface. Our results are summarized in

the Mg direction. The CEMS spectra of the interface sampleTable I.

are shown in Fig. 4 for the 90° and 45° geometriesapB80
and (b) 18 K for ¢=90°, and at(c) 80 and(d) 18 K for

At 80 K, aboveTy the difference inR,; between the
center and interface sampl€Bable |) could be attibuted to

¢=45°. The spectra were least-squares fitted with a puréghe different remanent domain configurations, caused by

a-Fe ( Bye=33.9 T at 18 K dominant sextet and a weak
component with a hf distributiomot shown to account for
the chemical intermixing at the very Fe-Mninterface. At

small variations in sample microstructurésvidenced by
small differences irHg). However, after EB is established
belowTy the Fe spins in both samples rearrange themselves

¢=90°, the best fits of the spectra were obtained for an into a very similar configuration. In twinned Mpf10) on

tensity ratioR,3=4.0 for both subspectra at 80 and 18 K,
implying that the Fe spins of th¥’Fe layer rest entirely in
plane. At p=45° [Figs. 4c¢) and 4d)], there is an obvious
change of theR,; ratio with T: R,;=1.91) at 80 K, increas-

MgO(100) the easy axes of the MpFlomains are oriented
such thaff110]MnF,|| [110MgO or [00MnF,|| [110MgO.
Thus the Mnk spins are at £45° with the Filg direction
along[001]MgO, as illustrated in Fig. @).

TABLE |. Ry3ratio and the corresponding anglkes2A ¢, and (in degreesfor the interface and center
samples at thep)=45° geometry, above80 K) and well below(18 K) Ty.

T (K) Interface sample Center sample
Ros ¢ 2A¢ & Ro3 ¢ 2A¢ U4
80 1.91) 32 110 53 2.80) 42 160 59
18 2.12) 52 200 64 2.61) 50 185 63
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(a) lows us to estimate the bidirectional rotatigor fanning
anglese (or Ag) for the center sample at 10 K, as follows:
//, b) e=%40° (Ap=%70° at virgin remanence, being in fair
RECUIREN agreement with CEMS results at 18 Kable I, center
3 samplg, and ¢=+26° (Ap=+42° at conventional rema-

80 K 18K | ey nence.

IV. SUMMARY

[001] MgO | @ We have used CEMS to determine the spin structure of
’Fe probe layers embedded in a Fe layer exchange coupled
MnF,(110) 80 K 18K to a twinned Mnk(110) layer. The change of the Méssbauer
line intensity ratio R; below Ty demonstrates in a model
FIG. 5. Schematic drawing illustrating) the AF spin structure  fge way that, in remanence, EB induces a significant change
in twinned MnRx(110), and the in-plane Fe spin configuration esti- ¢ the in-plane angular spin distribution of the Fe spins. In
mated from theb) uniform spin-rotatior(+¢) and(c) spin-fanning 4 ticylar, the Fe spins orient bidirectionally towards the
(2A¢) model, respectively. Results (iv) and(c) are for the inter- MnF, spin directions, which are at 45° relative to the
face sample at 80 and 18 K. MgO[001]] direction. Our observations are corroborated by
vector magnetometry of the remanent and m,. After the
The present results demonstrate that due to the exchanggchange coupling is established, the resulting Fe spin struc-
coupling with the Mnk spins, independent of the model tyre at the interface is similar to that in the center of the Fe
used, the Fe spins in the virgin remanent state reorient tG|m. Out-of-plane Fe spin canting in the Fe/MyEL0) bi-
wards the AF spin directions, which are at +45° relative t0jayers s ruled out® It has been proposét for Fe on
the Mgq001] direction. Schematic illustrations of this reori- yyinned MnF(110 and twinned Fef110) that the

entation are shown in Figs(ly and Jc) for rotation (two  \50[001] direction between the: 45° AF spin directions
equivalent directionsand fanning, respectivefy. constitute an easy axis for the Fe magnetization beTw
Our conclusions from CEMS are S“ppo”‘?d by hele-  que to frustration of the perpendicular coupfifidpetween
pendence ofn andmy, for the center sampleFig. 3). Upon  Ap and F spins in a twinned system. Our results demon-
ZFC from 150 K,m andmy, first remain constant down 10 gyate however, that microscopically, in tremanent state

Ty=67K, then show a maximum at 49 K (whose originis  pejoy T, the Fe spins rotatéor fan) spontaneoushaway
not yet understood followed by a significant decrease on o this easy direction. We speculate that fanning at rema-

cooling to 10 K. The decrease of andmy, is the indication  hance might occur as the result of competing interactions

of rotation (or fanning away from the MgQo01] direction  hermendicular coupling, dipolar interactionis a twinned
due to EB, in accordance with CEMS. Moreover, the Ob'system.

served very smalin, suggests thaaveraged over the entire
sample this rotation or fanning is bidirectional, i.e., sym-
metrical with respect to the MgOO01] axis. After ZFC to 10
K, we measured sequentially the following values: We acknowledge the support by the U.S.-D.O.E., the
m=0.94822) X 10* emu atH=0 Oe (virgin remanence  U.S.-Israel BSF, the DFGSFB-49), the CNPq(Brazil), the
Msa=1.234104) X 10°* emu (saturation momentby apply-  AvH Foundation, the Spanish CICY(MAT2001-2555, and

ing H=2 kOe and thenm=1.1064) X 104 emu (conven- the Catalan DGR2001SGR00180 W.A.A.M. gratefully ac-
tional remanenceagain atH=0 Oe. Note that there is a knowledges the hospitality during his stay at the UCSD, and
~16 % difference betweem, at virgin and conventional thanks J. Santamaria and R. Paniago for assistance with
remanence. Using thesy values, a simple calculation al- GIXR simulations.
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