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Epitaxial growth and exchange biasing of PdMn  /Fe bilayers grown
by ion-beam sputtering
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Epitaxial PdMn/Fe bilayer structures, in bothaxis PdMr{100/Fe001)/MgO(001) and c-axis
PdMn(001)/Fe(001)/MgO(001) orientations, were grown by ion-beam sputtering. Taexis
samples were grown at low temperaturds<(280 °C) while thec-axis films were stabilized at a
higher temperature rangd 300 °C). Vibrating sample magnetometry measurements show that
the as-growra-axis samples do not have a measurable exchange biasadnis samples have an
exchange bias fielth,~33 Oe. However, annealing at 230 °C for 40 min results in a measurable
exchange l,~10 Oe) fora-axis samples due to chemical ordering. The possible cause for the
difference ofH, in a-axis andc-axis orientations is also discussed. In addition to the normal
structure, inverted structures were obtained epitaxially. The exchange biasing ({@01Fe
PdMN(001)/MgO(001) is as big as 68 Oe. @001 American Institute of Physics.
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Exchange biasing between antiferromagné&EM) and  used. In the normal stacking sequence with Fe as the seed
ferromagnetic(FM) layers in thin film form has attracted layer, epitaxial PdMn/Fe bilayer structures in batkaxis
considerable technological interest because of the pinnin§dMn(100/F&001)/MgO(001) and c-axis PdMr001/
effects of a FM by an AFM in magnetoresistance sensor an&e(001)/MgO(001) orientations were obtained. In addition to
spin-valve headSHowever, in spite of the extensive studies the normal structure, inverted structures without any seed
conducted on various kinds of exchange-bias systems, itayers, both in the-axis F&€001)/PdMn(001)/MgO(001) and
microscopic origin has remained a subject of deB&tévin,  a-axis F€001)/PdMn(100/MgO(001) orientations were ob-
PtMn, and PdPtM#i® are good candidates for technological tained epitaxially. The thickness for all the four structures
applications because of their excellent corrosion resistanceere Fe(70 A), PdMn300 A). Structural details were ob-
and large bias field. One of the difficulties in studying thetained by x-ray diffractiorlXRD) and transmission electron
exchange mechanism in these systems is due to the difficultjticroscopy(TEM). The magnetic properties were measure
in obtaining good quality epitaxial samples with well con- by vibrating sample magnetometry.
trolled AFM/FM interfaces. PdMn alloys, belonging to the ~ Table I lists the structures, processing conditions and
important family of CuAu—I-type structures, were grown exchange biasing of a series of samples before and after an-
epitaxially on Fe fims by MBE. Moreover, by inspecting nealing. Epitaxial films in both the-axis and thec-axis ori-
the spin structure of bulk PdMn, we found that in (881), entation§ were sucpessfully grown. The definitionaedixis
(100, and (010 surfaces, the spin configuration is different. @ndc-axis sam7ples is shown in Fig. 1 based on the structure
(001) gives a compensated surface whigL0), (100) show of bulk PdMn! The a-axis samples were grown in a low
an uncompensated surface. It would be of fundamental intef€Mperature rangeTt<280 °C), thec-axis samples were sta-
est to reproducibly engineer the growth of these films along’/izéd at a higher temperature rangeX300 °C). The ori-
different crystallographic orientations to obtain films with entation relationship was confirmed by XRD and TEM.
(001) or (100 [or (010)] in plane. This should shed light on Figure 2a) shows thed-29 XRD scan; besides tohe
the relationship between different interface spin structure$002 Peak of MgO and Fe, there is a strong peak-&i2
andH, in PdMn, i.e., the orientation dependence of the ex-
change biasing effect and ultimately a better understandingaBLE I. Structures, processing conditions, and exchange biasing of a

of the exchange biasing mechanism. series of PdMn/Fe samples.
The samples were grown in an ion-beam sputtering sys- H
. _9 . e
tem with a base pressure 6f5x 107" Torr. The COMPOSI-  Grow temp. He (optimum  Ordering
tion of the alloy target was RBgMnss. The deposition rate (°C) Direction (as-grown Ordering ann) (Oe) (after ann)
was 0.4 A/s for Fe and 0.5 A/s for PdMn and the thickness - - 5 o . Ve
was controlled by a crystal thickness monitor. The Au cap g9 a 0 No 10 Yes
layer was deposited to prevent the sample from oxidation. 260 a 0 No 9 Yes
During the growth, an in plane biasing field of 500 Oe was 370 c 30 Yes 35 Yes
420 c 32 Yes 32 Yes
50 Inv.a 0 No
dAuthor to whom correspondence should be addressed; electronic mail: 420 Inv.c 68 Yes 68 Yes
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FIG. 1. (@) PdMn bulk spin structure and crystal structusze Ref. V. —_
Crystal structure and unit cell parameters measurea:-fiis oriented(b) = den (200)
and a-axis oriented filmgc). ]
=
‘®
c
B
which corresponds to a lattice parameter of 1.76 A. This can £ Fe (002)
be indexed as the PdMi®02 peak, which corresponds to a JJU \I
c-axis growth[see Fig. 1b)]. Note that the PdM1001) peak | | | |
is also strong, indicating good chemical ordering in the as- 10 20 30 40 50 60 70 80
grown c-axis sample. Figure(B) shows the XRD data for a
low temperature growth sample. The peak-at6°, which 20 (deg)

corresponds to a lattice parametgr of 1'98_ A’ can be I_ndexequ. 2. X-ray diffraction scans for PdMn/Fe/MgO normal structure for
as the PdMn(200 peak and indicatea-axis growth[Fig.  c-axis orienteda anda-axis orientedb) films.

1(c)]. In the latter case the chemically order€d0) peak

was not observed in XRD. This will be discussed later.

Table | also lists the measured valuesHyf (exchange The crystalline structures were studied by SAD using
biasing field. The c-axis samples show,~33 Oe in the as two zone axis orientations fa-axis ([100] [Figs. 3a) and
grown condition with no change upon annealing. Beaxis  3(b)], and[110] [Fig. 3(c)] zone axi$. The SAD forc-axis
samplesH.~0 in the as-grown condition but show a mea- samples, which show the similar fourfold in plane symmetry,
surableH .~ 10 Oe after annealing at 230 °C for 40 min. is not shown here for brevity. In thin film form, theaxis

The XRD symmetricd—29 scan is only sensitive to the sample shows a structure similar to the bulk. i.ag
structure in a direction normal to the film surface, i.e., it is=4.08 A, c¢,=3.52A [Fig. 1(b)]. However, the a-axis
not sensitive to the structure or chemical order in the planesample is distorted with respect to the bulk with lattice pa-
Hence, complementary TEM selected area diffract®AD)  rametersag=3.94 A, c,=3.96 A [Fig. 1(c)]; the distortion is
measurements using plan-view samples were carried ouikely due to the biaxial strain in the film to accommodate the
Figures 3a) and 3b) are the SAD patterns for the-axis  epitaxial growth on the Fe/MgO. Both, and c, measured
sample in the as-grown and annealed conditions, respeby SAD are consistent with those values measured by XRD.
tively. In the [100] zone-axis condition, additional 001 dif- It is likely that the uniformly higheH, observed for
fraction spots, absent in the as grown samtey. 3a)], c-axis samples versusaxis samples arises from the differ-
appear in samples annealédg. 3(b)] at 230 °C. These extra ent spin structure at the PdMn/Fe interface because the other
spots correspond to the chemical ordering of the Pd and Moonditions, such as epitaxy, compositions, and degree of
in the film plane. The TEM dark field images from the extrachemical ordering, are similar. A possible explanation as-
spots showing the ordered volume fraction indicate thesuming the bulk spin structuf&ig. 1(a)] may be as follows.
a-axis andc-axis samples have a similar degree of ordefing. For ac-axis orientated sample, t{801) interface plane is a
The absence of such chemical ordering for samples annealspin compensated surface. Foraaxis oriented sample, the
at temperatures<200 °C is clearly related to the lack éf, (00)) interface plangeither (100, or (010] is spin uncom-
in these samples. Table | shows that the magnetic propertigeensated. Hence the different spin structures at the interface
and the chemical ordering are closely correlated. It is welimay be the main cause for the differencéHdipfor a-axis and
know that PdMn is an ordered AFKij.e., if it is a chemi-  c-axis samples. The result of the bigd¢g in c-axis samples
cally ordered CuAu—I structure, it is an antiferromagnet. Butwhich have the compensated surface agrees with the obser-
if it is chemically disordered, it is also magnetically disor- vation in other systemtsFurther, the spin structure of the
dered. Hence, for the disordered PdMn/Fe bilayers, no signterface in such thin film structures may be different from
nificant exchange biasing can be expected. the bulk because of changes in lattice parameter or symme-
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orientation is expected to grow preferentially to thexis.
However, if growth Kkinetics is also considered;axis
growth is not difficult to imagine. The composition of the
alloy sputtering target is ReMnsg. When it is sputtered,
nearly the same amount of Pd and Mn reach the substrate
simultaneously. If the substrate temperature is low, the atoms
do not have enough energy to diffuse either between the
layers or within the layer, the composition remains about
Pd:Mn=1:1 in each atomic layer. This is just a disordered
a-axis sample. If it is grown at elevated temperatures, diffu-
sion during growth occurs more readily than by solid state
diffusion upon annealing. This helps the atoms to diffuse and
reach the local minimum energy configuration, which in this
case is the formation of a layer of roughly 100% Pd and then
a layer of 100% Mn parallel to the growth plane, i.e., an
orderedc-axis sample.

Finally, besides the normal structure, inverted structures
(Table ) Fe00)/PdMN001)/MgO(00) and F&001)/
PdMn(100/MgO(001) were also grown epitaxially. With
similar thickness of Fe and PdMH,, of 68 Oe was observed

FIG. 3. TEM SAD patterns(a) a-axis, as-grown, plan-view sample in the n Fe(OOl)/Per(OO])/MgO(OOl) samples. This is the big-

[100] zone axis shows only PdMn 002 and 022 diffraction sp@ts230 °C gest eXChangF," reported in this sygtgm. . .
annealeda-axis oriented sample in tHe.00] zone axis shows both PdMn In conclusion, the growth conditions for high quality ep-
002, 022, and PdMn 001 ordered diffraction sp&$.SAD pattern from a jtaxial film in both c-axis anda-axis orientations have been
tilted a-axis oriented as-grown plan-view sample[ 0] zone axis. In all established for PdMn/Fe. The ability to grow inverted struc-
these figure the indexed spots are from PdMn films. The(@R2eflections . .
are magnified in the insets and show splitting arising from the relaxation oftures m_akes this a QOOd SyStem_ to Sthy the Eﬁ_eCt of inter-
the film. Single crystal MgO substrate reflections serve as an internal starfaCe Spin structure on exchange in an intermetallic AFM sys-
dard for lattice parameter calculation. tem. Thec-axis oriented as-grown samples are chemically
well ordered and show, of 33 Oe. Fora-axis orientation,

as-grown samples are not chemically ordered and do not

try. In this case, we can still safely conclude that the spirShOW anyHe. After optimum annealing, the-axis samples
structures for th@-axis andc-axis oriented samples are dif- /S0 become chemically ordered and shdwof 10 Oe. The
ferent. In the case of-axis growth, the interface will be Uniformly higher H observed forc-axis samples(when
occupied entirely by either Pd or Mn atoms. In the case o]comp'ared with }hea—axs annealed 'SampDeEnay' arise from .
a-axis growth, it will always have nearly half Pd and half Mn the dlff_erent spin structure at the mte_rface. I_:lnally th(_e ratio
atoms at the interface. Hence, the spin structure would b8f &axis andc-axis crystals may explain the differencetin
different at the interface. Other evidence for this interpreta®PServed in polycrystaliine samples of PtMn and NiMn.
tion is the strong correlation we observed betwétnand This work was supported by the U.S. Department of En-
the relative intensities of th€02 and (200 XRD peaks in ~ €rgy, under Contract No. DE-AC03-76SF00098. The authors
polycrystalline PdMn/Fe samples grown on Si substrates. Avould like to thank R F. C. I_:arrow for helpful discussions
higher H, is strongly correlated with a largef02/(200) and C. Echer for assistance in TEM measurements.
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