HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS VOLUME 95, NUMBER 12 15 JUNE 2004

Growth of exchange-biased MnPd /Fe bilayers
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The growth of exchange-biased MnPd/Fe bilayers has been investigated using x-ray diffraction. The
bilayers were deposited on Mg£g1) substrates in an ultrahigh-vacuum ion-beam sputter system. It
was found that the orientation of the MnPd unit cell and the crystalline quality could be controlled
as a function of the deposition temperature. Twinaexkis oriented MnPd films are obtained below

100 °C while single-crystalline-axis films are obtained above 450 °C. Intermediate temperatures
yield a mixture of both orientations with a poor crystalline quality. Moreover, the interface quality
depends strongly on the deposition temperature and also the order in which MnPd and Fe are
deposited. The results clearly show that interdiffusion is initiated at the Fe/MnPd interface at a lower
temperature as compared to the MnPd/Fe interface. The close relationship between the structural
and magnetic properties is also discussed.2@4 American Institute of Physics.
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INTRODUCTION EXPERIMENTAL DETAILS

. . . . All the samples were prepared on single-crystalline
The exchange bias effect was discovered in partly oxi- . ; .
. . o MO gy Substrates in an ultrahigh-vacuum ion-beam sputter
dized Co particles by Meiklejohn and Bean and has sinc

) s i ,%eposition system with a base pressure of %ITorr. The
been found in numerous ferromagnetic/antiferromagneticpsirates were precleaned in acetone and ethanol and out-
systems, both in particles as well as in layered thin filmgassed at 500 °C for 10 min prior to deposition. The deposi-
structures”* The exchange coupling between the ferromag-ion rates for MnPd(composite alloy targgtand Fe were
net(FM) and the antiferromagnéAFM) gives rise to a uni- ~0.2 and~0.5 A/s, respectively. The composition of the
directional anisotropy which manifests itself as a shift of theMnPd alloy in the samples was determined by energy disper-
hysteresis loop. The application of the exchange bias effective x-ray analysis to be MB2 at. %9Pd48 at. %. A mag-
in spin-valve magnetoresistance and magnetic random accegstic field (300 Og was applied along the Fgq crystallo-
memory devices has created a renewed research interestdfaphic directiorlmagnetic easy axisiuring deposition. All
this phenomenon during the past decade. It has been fouhe Samples were capped with a Au layer to protect them
experimentally that the magnitude of the bias and the coer@9@inst oxidation. Three x-ray-diffraction setups were used
civity is directly linked not only to the properties of the for the structural characte_rlzatlon of the ;amples. H|_gh-angle
constituents but also to the properties of the FM/AFM imer_measurements were carried out on a R'|g'aku rotating-anode
: .. powder diffractometer, low-angle reflectivity measurements
face. Important parameters include the overall crystallinity,

. : : : . ‘were performed using a Philips X’Pert MPD system with
spin  configuration at the FM/AFM interface(spin- parallel beam optics, and a Philips X'Pert Pro MRD system

compensated interface versus uncompensated and in-plaggy, high-resolution optics was used for texture measure-
versus out-of-plane AFM spilsmagnetocrystalline anisot- ment. All three XRD systems were equipped with KCa

ropy, FM/AFM interface disorder, and the thickness of they._ray sources. Magnetization measurements were performed
ferromagnetic and the antiferromagnetic laytddence, it at room temperature in a vibrating sample magnetometer.

is essential to systematically correlate the structural details

with the magnetic properties. This is best done with samplegesyi TS AND DISCUSSIONS

with well-defined crystal and interface structure. In this pa- ] ]

per, we present a detailed study of epitaxially grown MnPd is a chemically orderetll, (CuAu I structurg

MnPd/Fe bilayers which exhibit a strong exchange bias efgntiferromagnetic alloy with a N temperature in the bulk
. of 540 °C. In this structure, Mn has a magnetic moment of
fect. The temperature dependence of the crystal and interfac .
.4 uB (room-temperature vallievith the easy axes along

structure has been mveshgated using x-ray diffractio 100] and[—100] (or [010] and[0-10]) while the moment is
(XRD). The close relationship between the structural an

anishingly small for Pd. The MnPd unit cell is face-

magnetic properties is also discussed. centered-tetragonaffct) with lattice parameters of 3.58,
4.07, and 4.07 R.The distorted axigthe[001] direction of

dElectronic mail: kannanmk@u.washington.edu the MnPd unit cell can be either in-plane or out-of-plane; if it
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FIG. 2. Peak intensity and full width at half maximu@WHM in the 6-26
direction versus the deposition temperature for four differen{2tuA)/
MnPd330 A)/Fe80 A)/MgO bilayers are shown in the figure. Solid lines
represent data for the MnRgh reflection and dashed lines are for the
MnPd.q reflection. The peak intensities have been normalized with the
intensity of the MnPg,, reflection.
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FIG. 1. High-angle XRD data from four A0 A)/MnPd330 A)/Fe(80 has shown that a chemically orderaehxis orientation can

%)IMT%O bilfiyirst_dePOfS:Led ﬁt }D%Off(l@), 2:130 °C(b)fv 350 °CE(C_)’ a”e‘lj _45? C e obtained in MnPd/Fe/Mgg) films if they are deposited

éir)llgle-Sr;sntZﬂi:eIg;]x?s or(iaentgtion Iwrﬂecn ?r?gzseprg;]tign \;\gr:;er);tsurg ias in- _at IO\_N enough temperatures and then anne&d@ samples

creased from 100 °C te=450 °C. in this study were not annealed after deposition, hence they
are expected to be chemically disordered.

The intensity of an XRD reflection depends both on the
is in-plane, the film is refered to @saxis oriented, while itis sample volume and the crystalline quality. If the volume is
said to bec-axis oriented if it is out-of-plane. It should be the same, the reflections from a sample of good crystalline
noted that the atomic planes perpendicular todtexis are  quality are narrower and more intense than reflections from a
spin-compensatetzero net magnetic moment in the plane sample of poor quality. In Fig. 2, the intensities and the full
whereas the planes perpendicular to the tnaxes are spin-  width at half maximum{(FWHM in the #-26 direction of the
uncompensated. The fact thafgo~ amnpq and amnpa/ 2 MnPd 01y and MnPghq) reflections versus the deposition
~are indicates that MnPd and Fe can be grown epitaxiallytemperature are shown. As seen in the figure, the intensity of
on MgQuoy).>’ This gives the following epitaxial relation- the MnPgyqq reflection decreases while the FWHM in-
ships for the single-crystalline-axis orientation: H®01)/  creases with increasing temperature. The Mpidreflec-
MnPd 001)/MgQ[001] and Fé&110//MnPd100]//  tion exhibits the opposite behavior: the intensity increases
MgQ[100]. The a-axis orientation has a bicrystal orientation while the FWHM decreases. Two main conclusions can be
with the possibility of exhibiting a twinned crystal structure. drawn from the data. The first one is that the crystalline

XRD scans(6-26) from four MnPd/Fe bilayers with the quality decreases when both crystallographic orientations are
nominal film structure A(R0 A)/MnPd330 A)/Fe80 A)/ present, as indicated by the increased FWHM in the tempera-
MgO are shown in Fig. 1. They were deposited at 1008C  ture range 200—350 °C. Preliminary TEM results show that
200°C (b), 350°C,(c) and 450 °C(d). The peaks at 42.9° both the MnPd and the Fe have uniform layer thicknesses.
and 65.0° are the Mg, and the Fgqy) reflections, re-  Thus, the change in peak width is therefore most likely due
spectively. Thec-axis orientation can be identified by the to a change in crystalline quality and not to a change in the
MnPd 01y and MnPgy,) reflections, while the-axis orien-  thickness of the layers. The second conclusion is that be-
tation is identified by the MnRglg) (or MnPdg,0) . As seen  tween 350 and 450 °C, the orientation changes abruptly from
in the figure, the orientation of the MnPd unit cell dependsa mixture of botha axis andc axis to a purec-axis orienta-
strongly on the growth temperature. A mixture of batand  tion. Chemical ordering requires interdiffusion, which is a
c axis is obtained over a large temperature intefva200—  strongly temperature-dependent process. Thus, a disordered
350°0, whereas pure-axis andc-axis orientation is ob- a-axis oriented MnPd film is obtained at low temperatures
tained below 100°C and above 450 °C, respectively. Thavhere diffusion is limited. At high temperatures, on the other
presence of a MnRgh,) peak indicates that the-axis ori-  hand, during deposition the atoms can diffuse within and
ented film is chemically ordered with alternating layers ofbetween different atomic layers, which facilitates the forma-
Mn and Pd perpendicular to the film normal. It is not pos-tion of a chemically ordered-axis orientation. The magni-
sible to say whether tha-axis orientation is chemically or- tude of the exchange bias depends on the crystalline quality
dered or not since the scattering vector is parallel to the filmand the crystallographic orientation of the MnPd film in
normal in a symmetri®-26 scan. This type of XRD scan is MnPd/Fe bilayer§. Bilayers with a chemically ordered
only sensitive to the crystalline structure in the out-of-planea-axis orientation show exchange bias whereas disordered
direction. However, a transmission electron microscopyones do not. Moreover, there is also a distinct difference in
(TEM) study (plan view) with an in-plane scattering vector the magnitude of the exchange bias between the two orien-

Downloaded 15 Sep 2004 to 134.253.26.12. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 95, No. 12, 15 June 2004 Blomgvist, Krishnan, and McCready 8021

o
\ ,

FIG. 3. A MnPdqo, XRD texture scan from a A0 AYMnPd315 A/ FIG. 5. Fea pole figure from a A®0 A)/MnPd315 A)/Fe(73 A) bilayer
Fe(73 A) bilayer deposited at 400 °C. Reflection no. 1 originates from thedeposited at 400 °C. Four reflections with a fourfold symmetry are seen
c-axis orientation while nos. 25 originate from thexis orientation. The  indicating a single-crystalline ;) oriented film.

other reflectiongnos. 6—9 indicate that there is also an intermediate unit

cell orientation with neither the axis nor thea axis parallel to the film

normal.

reflections nos. 1-4 but they indicate a complicated crystal-
line structure with thea and thec axis oriented in multiple

tations; the spin-compensatesaxis orientation exhibits a directions. MnPd films deposited at 500°C do not exhibit
larger exchange bias than the uncompensatasis. these additional reflections; they are single-crystalline and
A MnPdg; XRD texture scan from a A@0 A)/ purely c-axis oriented. The Rgy,) pole figure seen in Fig. 5
MnPd315 A)/Fe73 A)/MgO bilayer deposited at 400 °C is exhibits four reflections with a fourfold symmetry as ex-
shown in Fig. 3. For a single-crystalline puretyaxis ori- Pected for a single-crystalline fg,) film. As seen in the

ented film, only one reflection is expecté@flection no. 1 figure, the Fe unit cell is rotated by 45° with respect to the

However, the texture scan exhibits eight additional reflecMnPd unitcell. It should be noted that an XRD measurement

tions with a fourfold symmetry. Reflections nos. 2—5 Origi_furnishes average structural information over a volume

nate from thea-axis oriented component of the film, whereas Which is much larger than the unit cell. Hence, in order to
reflections nos. 6—9 indicate that there is also a third interd€termine the crystalline structure at length scales compa-
mediate unit cell orientation with neither tiseaxis nor thea  rable to the atomic distance, a characterization method such

axis parallel to the film normal. The very large difference in@S TEM must be used; such work is in progress. MnPd is an
intensity between reflection no. 1 and the other reflection@rdered antiferromagnet only if it is chemically ordered. It is
shows that the MnPd film is predominanttyaxis oriented. NOt clear how a mixture of both- and c-axis orientation
Moreover, the fourfold symmetry of the MnRgh, pole fig- affects the magnetic properties of the MnPd/Fe bilayers.
ure and the twofold symmetry of the Mnggh (or However, the XRD measurements strongly_ suggest that
MNP0y atomic plane indicate a twinned crystal structure MNPd preferentially grows as either an or c-axis oriented

of the a-axis component as discussed above. A Magd film on Fqgo1); When both orientations are present, one of
pole figure is shown in Fig. 4. Only four reflectiorisos.

them dominates. Thus, it is probable that the influence of the
1-4) are expected for a single-crystallireaxis oriented

a-axis component irc-axis oriented films and vice versa is
film. The additional reflections are very weak compared to>mall-
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FIG. 4. A MnPdy, XRD texture scan from a A@0 A)/MnPd (315 A)/

Fe(73 A) bilayer deposited at 400 °C. Reflections nos. 1—-4 originate fromFIG. 6. Low-angle XRD data from three different samplés: MnPd/Fe

the c-axis oriented component of the MnPd film. The other reflections in thebilayer deposited at 400 °Gh) MnPd/Fe bilayer deposited at 500 °C, and
pole figure indicate a complicated crystalline structure withatend thec (c) an Fe/MnPd bilayer deposited at 400 °C. All three samples have the
axis oriented in multiple directions. same nominal layer thicknesses.
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Figure 6 shows XRD reflectivity scans from two and in others it increasé$. A strong relationship between
MnPd/Fe (MnPd deposited on HFebilayers, deposited at chemical order, crystal structure, interface disorder, and ex-
400 °C(a) and 500 °Qb) and one Fe/MnPd-e deposited on change bias has also been found in many other systems; two
MnPd) bilayer (c) deposited at 400 °C. The data in Figap examples are MnPt/Co and MnPt/By-3MnPt has the same
was fit to a Parratt mod&lwith the following result: AG30  crystal structure and almost the same lattice parameters as
A)MnPd450 A)/Fe50 A). All three samples have the same MnPd but a higher N&l temperaturé700 °Q), and the two
nominal layer thicknesses. Finite thickness oscillations withmagnetic easy directions are perpendicular to (081
two different wavelengths are clearly distinguishable; theplane®
short-wavelength oscillations are due to the total thickness of
the film, while the longer ones arise from the Fe layer. The fiiconcLUSIONS
also indicates a MnPd/Fe interface roughness of the order of ) . .

2.5 A. It should be emphasized that this is an average value The orientation of the MnPd unit cell depends on the
over a lateral length scale of the order of several hundre§€Position temperature. Below 100 °C, a twinrgexis ori-
angstroms. A reflectivity scan measures both interface rouginted MnPd film is obtained while a single-crystallinaxis
ness and interdiffusion and it is therefore difficult to differ- film is obtained above 450°C. Intermediate temperatures
entiate between these two types of interface disorder. Finit¥i€ld a mixture of both orientations with a poor crystalline
thickness oscillations are sensitive to interface disorder, thuguality. _ _

the absence of these oscillations in Figé)6and Gc) im- The quality of the interface between MnPd and Fe de-
plies rough and diffuse interfaces in these two samples. ThBeNds strongly on the deposition temperature and in which
reflectivity data indicates that the interface roughness is a@rder the two materials are deposited. Interdiffusion is initi-
large as~12 A (b) and ~15 A (c), respectively. Generally, ated at the MnPd/Fe interface petween 400 and 500 °C The
interface roughness decreases with increasing depositid§Sults show that the Fe/MnPd interface is more sensitive to
temperature until interdiffusion between the different layersnterdiffusion than the MnPd/Fe interface. o
is initiated® The temperature at which this occurs depends ~ The magnitude of the exchange bias and the coercivity is
on the materials used but also in which order they are/€Ty Sensitive to the FM/AFM interface structure. The ex-
deposited® The reflectivity data suggest that interdiffusion change bias decreases while the coercivity increases with
is initiated at the MnPd/Fe interface between 400 andncreasing interface disorder.

500 °C. Furthermore, the very large interface roughness in

the Fe/MnPd bilayer grown at 400 °C clearly shows that de ACKNOWLEDGMENTS
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