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1 Accomplishments

1.1 Magnetic transition behavior in Fe-Rh-Pd films deposited at various sub­
strate temperatures

1.1.1 Background

Fe-Rh has attracted much interest due to its wide range of magnetic properties. It exhibits a first 
order magnetic transition around 400 K from ferromagnetism (T > 400 K) to antiferromagnetism1,2 
(T < 400 K). This transition temperature can be tuned by adding a third element to the compound. 
For example, the addition of Ni and Pd decreases the transition temperature, whereas the addition 
of Pt and Ir increases it.3-5 The transition temperature can be also tuned by changing the sputtering 
conditions,6 which suggests a sensitivity of the magnetic transition to structural parameters. Since 
Fe-Rh alloys have a transition from antiferromagnetism to ferromagnetism near room temperature, 
they could have potential technological applications (e.g., heat assisted magnetic recording7-9). 
However, the fundamental factors governing the phase transition behavior have not been completely 
elucidated. In particular, the structural and magnetic properties of thin films with thickness of less 
than 50 nm have not been reported. Prior studies focus on relatively thick films with annealing 
treatments at high temperature (up to 800°C) after deposition10 or bulk samples.3-5 Generally, 
a large strain could be induced in thinner films, which could yield distinctly different magnetic 
properties. Therefore, from a fundamental point of view, it is very important to study the magnetic 
properties of Fe-Rh and Fe-Rh-M films with thicknesses in the range where significant strain could 
be induced. Moreover, since these materials could be employed in magnetic recording media with 
typical thicknesses of less than 20 nm, understanding the relationship between strain and magnetic 
properties is paramount. In this study, the magnetic and structural properties of 30 nm thick Fe- 
Rh-Pd films were examined in order to elucidate the influence of induced strain to film on the 
Fe-Rh-Pd magnetic properties.

1.1.2 Results

All Fe-Rh-Pd films were fabricated by a homemade ultra high vacuum magnetron sputtering system 
with a background pressure of less than 9 x 10-7 Pa. Films of Fe-Rh-Pd were directly deposited on 
MgO(001) substrates from a composite Fe47Rh47Pd6 target. The layers were capped with a 3 nm 
thick Pt layer in order to avoid natural oxidization. The growth temperature, Tg was varied from 
400°C to 700°C. The structural properties were characterized by high angle X-ray diffraction. The 
magnetic properties were evaluated using a superconducting quantum interference device (SQUID; 
Quantum Design MPMS).

Figure 1 shows XRD patterns for Fe-Rh-Pd films grown at Tg from 400°C to 700°C . All films 
showed only [001] planes oriented normal to the film plane, and Fe-Rh-Pd[001] superstructure 
diffraction peaks can be clearly observed in all films which indicates that the ordered B2 structure 
is present. The epitaxial growth of Fe-Rh-Pd layers on MgO(001) substrates was confirmed by 
measuring the out-of plane diffraction peaks. The out of plane diffraction results indicate that
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the Fe-Rh-Pd[100] axis was rotated by 45° with respect to the MgO[100] axis, as generally can be 
observed in bcc films deposited on MgO(001) substrates.

Since the magnetic transition of this material can 
only be observed in the B2 (ordered) phase, it is 
necessary to evaluate the chemical order parameter, 
S, in these films. The integral intensity ratios of 
(001) diffraction peaks to (002) diffraction peaks, 
I001/I002, were calculated in order to evaluate the 
values of S, since the ratio I001/I002 is proportional 
to the square of the order parameter. 11 A calculated 
result for the integral intensity ratio is shown as a 
function of Tg in Fig. 2. The integral intensity ra­
tio, I001 /I002, is almost independent of the growth 
temperature which indicates that the growth tem­
perature had no significant influence on the degree of 
chemical ordering in this growth temperature range. 
On the other hand, the lattice constants do change 

as the growth temperature is increased, as shown in Fig. 2. In order to obtain accurate lattice 
constant values for Fe-Rh-Pd films, Cohens method was used.12,13 The (001), (002), (101), and 
(112) lattice spacing values were measured by XRD, and subsequently those lattice spacing values 
were related with a linear function in accordance with Cohens method, along with the appropriate 
error function.14 Although bulk Fe-Rh-Pd with B2 structure is a cubic structure, the film is treated 
as a tetragonal structure, since the lattice constants along the direction perpendicular to the films' 
planes may be different from that along the lateral direction, due to the epitaxial mismatch between 
the Fe-Rh-Pd layer and MgO substrate. The lattice constant along the film normal (c) decreased 
with increasing growth temperature, whereas the lattice constant along the lateral directions (a) 
increased. This can be explained by a mismatch between the Fe-Rh-Pd equilibrium lattice and 
the MgO substrate lattice. Since MgO has smaller lattice spacing along the lateral directions, it is 
expected that a compressive stress should cause a contraction of the lattice along the lateral (a) 
directions while the value of the perpendicular lattice constant (c) should increase to maintain a 
constant lattice volume. The compressive strain is relaxed as the growth temperature increases, 
since the lattice constant values are observed to converge toward their equilibrium values as the 
growth temperature increases. This change in crystal structure affects the magnetic transition 
behavior significantly.

Figure 2 shows the magnetic transition curves for the fabricated Fe-Rh-Pd films with decreasing 
measurement temperature. No magnetic field was applied during the measurement of the magnetic 
transition. The films fabricated from 500° C to 700°C showed an almost complete magnetic transi­
tion, whereas the Fe-Rh-Pd film fabricated at 400°C showed only a partial transition with a large 
residual ferromagnetic moment even at low temperature. This distinct change in the transition 
temperature with increasing the growth temperature could be attributed to the structural change
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Figure 1: XRD patterns for FeRhPd films de­
posited on MgO(001) substrates with increasing 
growth temperature. Curves are vertically offset 
for clarity.
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Growth temperature (°C)

with increasing the growth temperature. The transition curves were fitted by a simple linear func­
tion near the center of transition (50% transition), and the transition temperatures were defined as 
the temperatures where slopes in the fitted curves showed maximum values. Transition widths were 
defined as temperature ranges where the magnetization values changed from 90% to 10% between 
maximum and minimum magnetization values.

Figure 3 shows the transition temperature dependence of 
the growth temperature. The transition temperature mono- 
tonically decreased as the growth temperature increased. This 
is in sharp contrast to the case of FeRh films on MgO(100), 
where it was reported that the magnetic transition tempera­
ture increased as the annealing temperature is increased.6 The 
difference between these two experimental results is that the 
Fe-Rh-Pd films grown at different temperatures show a change 
of lattice constant values with an almost constant lattice vol­
ume (about 0.8% increase in lattice volume with increasing 
the growth temperature), whereas both lattice constant values 
along perpendicular direction and lateral direction decreased 
as the annealing temperature increased in Fe-Rh binary alloy 
films[6]. The lattice volume should be important parameter 
in this transition behavior because this magnetic transition is 
driven by a magneto-volume instability, and is accompanied 
by a distinct change in the lattice volume.8,15,16

A relatively large transition slope was observed in the Fe- 
Rh-Pd films in present study compared to that observed in 
other studies.3-5 This is probably because of residual struc­
tural inhomogeneities in the films. Since there is some mis­
match between the Fe-Rh-Pd layers and MgO substrates, mis­
match strain, plane dislocations and/or anti phase boundaries 
are formed. These structural dislocations should increase the 
slope of the magnetic transition curve. The transition width 
(ATg), which is related to the slope of the transition curve, is 

shown in Table ??. The transition width increased with increasing the growth temperature, which 
may suggest that structural or compositional inhomogeneity increased with increasing the growth 
temperature. It seems most likely that the inhomogeneity is in the lateral directions, since the out 
of plane XRD peaks narrow as growth temperature increases, suggesting less inhomogeneity along 
the perpendicular direction. On the other hand, the Fe-Rh-Pd fabricated at 400°C with anneal­
ing treatment after the deposition showed steep slope in transition curve.17 Since the annealing 
treatment should have the effect of reducing structural inhomogeneity, this result supports our 
speculation regarding the transition behavior.

From a technological point of view, importantly, the transition temperature could be tuned by

Figure 2: (left) The integral in­
tensity ratio, Tool/1002, as a function 
of the growth temperature. (right) 
Values of the lattice constants of c 
and a for Fe-Rh-Pd films deposited on 
MgO(001) substrates as a function of 
the growth temperature.
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Tg (°C) ATg (°C)

500 72
600 90
700 104

inducing strain in the fabricated films. The transition temperature of the Fe-Rh in heat assisted 
magnetic recording media should be optimized so that the dynamic coercivity of the media at the 
highest temperature can be suppressed well below the limited writing field available. Further tuning 
of the strain may be accomplished by applying appropriate seed of buffer layers to the fabrication 
method.
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Figure 3: Temperature dependence of remanent magnetization as a function of measurement temperature. 
No magnetic field was applied during measurement.

In summary, Fe-Rh-Pd films were fabricated on MgO(001) substrates. The fabricated films 
exhibit a reduction in the transition temperature with an increase in the growth temperature, 
which can be attributed to changes in the crystal structure. These results show an apparent
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opposite tendency to the experimental results in Fe-Rh binary alloy films, however differences 
could be attributed to differences in processing. Significant property variation may be achieved 
through high temperature deposition as compared to post-deposition annealing.

1.2 Inelastic Neutron Scattering from Dy/Y Superlattices

1.2.1 Background

Inelastic neutron scattering is one of the most powerful tool to study the magnetic excitations of 
solids. To date, a spin wave dispersion relation in an antiferromagnetic thin film has yet to be 
measured. The primary reasons involve insufficient neutron flux and analyzer sensitivity (leading 
to prohibitively long acquisition times on equipment that is very expensive to operate), and a 
lack of longer wavelength neutrons to more effectively probe the larger magnetic unit cell. Recent 
upgrades at the High Flux Isotope Reactor (HFIR) neutron scattering facility have led to dramatic 
improvements in usable neutron flux coupled with lower background signals. When sufficiently 
high quality samples are realized, a primary goal will be to measure the spin wave dispersions in a 
layered material to demonstrate that spin wave quantization occurs in structures with at least one 
dimension approaching the atomic scale. For accomplishing this task, a set of Dy/Y superlattices 
of around 250 total bi-layers were fabricated at MINT center, University of Alabama. The designed 
period of the superlattices and the epitaxial structure of the multilayers were verified by the X-ray 
diffraction and pole figure measurements. The neutron diffraction and inelastic neutron scattering 
performed at Oak Ridge National Laboratory further confirmed the quality of the samples.

1.2.2 Results

Dysprosium was chosen for its large local mag­
netic moment (10.6^B), which gives greater 
magnetic scattering strength. Yttrium was se­
lected in order to match the lattice structure 
and spacing of Dysprosium. Previous research 
has shown that Y grows epitaxially on the 
Nb[110] surface, and Nb[110] single crystalline 
films can be grown on Al2O3[1120] substrates 
[18]. Thus, the multilayer structures were de­
signed as shown in Fig. 4 (right) [19]. On a 
Al2O3[1120] substrate, a 40nm Nb[110] buffer 
layer is grown, which not only avoids an oxi­
dation reaction between sapphire substrate and 
rare-earth elements, but also seeds the epitax­
ial growth of the hexagonal close packed (hcp) 

rare-earth elements. Subsequently, a 20 nm epitaxial Y[0001] seed layer can be grown on the Nb[110] 
buffer layer, and epitaxial Dy(4.5 nm)/Y(2.9 nm) [0001] bilayers are repeatedly stacked on Y seed

Figure 4: Schematics of the helical Dy moments (left) 
[5] and the Dy/Y superlattice (right) [2]. The spin 
wave excitations in Dy will be confined within the lay­
ers and coupled weakly by indirect exchange.
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layer. Finally, a 10 nm Nb protecting layer is used in order to protect the highly reactive Dy and
Y.

Dy has the hcp structure, with lattice constants a = 
0.3593 nm and c = 0.5655 nm, and Y, also in the hcp structure, 
has a 2% lattice mismatch (a = 0.3650nm and c = 0.5641 nm). 
The spacing between the Dy or Y [0002] atom planes is c/2, 
so the 4.5 nm Dy and 2.9 nm Y layers in [0001] orientation 
comprising the repeating multilayer unit correspond to 16 Dy 
atomic layers and 10 Y atomic layers. Bulk Dy develops an in­
commensurate helical magnetic order of the 4f spins below the 
Neel temperature (178K),18 and has a ferromagnetic transi- 

Figure 5: (a) Corundum, the struc- tion at 85 K induced by a combination of anisotropy and mag- 
ture of Al2O3 [10], (b) 2-D structure netostrictive interactions.19 Figure 4 (left)20 shows a schematic 
on c-plane (0001) Al2O3 [11], (c) 2-D of the helical order in Dy. The Dy helix has a period of about 
structure on a-plane (1120) Al203. 2.3 nm (giving a turn angle per layer of A^ = 46°) at 165 K, and

around 3.4 nm (A^ = 30°) below 80 K, where bulk Dy would 
be ferromagnetic in the basal plane.21 (The Y is non-magnetic at all temperatures.) The helical 
magnetic order of Dy can be maintained across the intervening Y layers due to the Ruderman- 
Kittel-Kasuya-Yosida (RKKY) interaction, which provides long range magnetic coherence through 
nonmagnetic layers.22-24 The Jr in Fig. 4 represents the RKKY interactions between Dy layers.

The structure of the Al2O3 substrate has the corun­
dum structure, shown in Fig. 5a.25 The larger O atoms 
form an hcp structure, and the Al atoms occupy two 
interstices in the close-packed O atom plane, forming a 
hexagonal basal plane in the graphite structure.26 Fig­
ure 5 (b) shows a top view of the corundum structure 
along the c-axis, with one basal plane of the hcp O atoms 
and hexagonal Al atoms. Figure 5 (c) illustrates the atom 
arrangement on the surface of a-plane sapphire we used.
The Nb buffer layer has bcc structure, and on Al2O3 [1120] 
will grow epitaxially in a [110] orientation, which will in 
turn seed the growth of [0002]-oriented hcp Dy and Y. Figure 6: X-my diffraction °f the Dy/Y 

A series of [Dy(4.5 nm)/Y(2.9 nm)]n (n = 6, 8, 27, 54, 80) [0002] diffraction peak for a supeHattice 
samples were fabricated by the ADAM sputtering system with 27 repeats* 
at a base pressure of ^ 10-9 Torr. The ADAM system is
equipped with four 1.5 in sputtering guns, two computer-controlled shutters, a temperature con­
troller (up to 900°C), and a sample rotator which improves the uniformity of films on larger sub­
strates. For a 1 x 1 inch substrate, uniformity could be controlled to within 2% with sample rotation, 
compared to ^ 35% without sample rotation. X-ray diffraction was used to characterize the quality 
and epitaxy of the multilayers, and as expected, clear Bragg peaks from Al2O3[11-20], Nb[110], and

Sapphire // Nb / Y / [4.5nm Dy / 2.9nm Y] / Nb

Q(A-')
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Dy/Y[0002] were found in all superlattices. The two satellite peaks around the Dy/Y[0002] main 
peak in Figure 6 are the feature of periodic multilayer. Although the left satellite is not clear due to 
the attenuation of the Ni filter used (this is not the reason for the difference), the superlattice period 
can be calculated by the separation between the main peak at the right satellite. The superlattice 
period A (i.e., the thickness of one Dy/Y bi-layer) as measured from the right satellite agrees with 
the nominal deposition thicknesses to within 1% of the desired period (4.5+2.9 nm = 7.4 nm).

Pole figure measurements can be used to reveal the epitaxy of the films by elucidating the in­
plane symmetries present. In our case, the Dy/Y [1011] plane was examined. From the geometry 
of the hexagonal lattice and the c/a ratio of the Dy/Y lattice, the Dy/Y [1011] plane is around 61° 
with respect to the [0001] plane or the film surface. Thus, by setting the angle ^ = 60°, the Dy/Y 
[1011] plane can be aligned perpendicular to the plane of incidence, which is determined by the 
incident beam and the detector. When fixing 20 at the diffraction peak of Dy/Y [1011] (around 
32.7°), a ^ scan over 360° would give 6 diffraction peaks separated by 60°, reflecting the 6-fold 
symmetry of the [1011] plane. Figure 7 shows the pole figure peaks as expected, confirming the 
epitaxy of the multilayer. The [0001] planes of the sapphire substrates were also examined in order 
to verify the relationship between the substrate and film orientation. The sapphire [0001] plane 
showed the expected 2-fold symmetry.

X-ray reflectivity was used to further character­
ize the quality of the superlattices, shown in Fig. 8 
For a nanometer-scaled thin film multilayer, the in­
tensity of X-rays reflected from the multilayer may 
show oscillations, called Kiessig fringes. When a 
film is grown on a substrate, the interference be­
tween the wave reflected by the film surface and 
the wave reflected at the film-air interface can be ei­
ther constructive or destructive, and this gives rise to 
the Kiessig fringes.27 The intensity decreases rapidly 
with increasing the angle of incidence; it can be 
shown that the decay of the reflected X-ray inten­
sity follows a Q-4 law28 (where Q is the momentum 
transfer) when the angle of incidence is greater than 
the critical angle, below which the X-rays would be 
totally reflected. The critical angle is usually defined 
as the angle of incidence at which the reflected intensity drops to 50% of its maximum value.29 
In perfect superlattices, there should be Bragg peaks at low angles due to the periodicity of the 
multilayer, and the Kiessig fringes appear as an oscillating background between the peaks. Figure 8 
shows the X-ray reflectivity results for our sample, where the intensity has been multiplied by Q4 in 
order to compensate for the Q-4 decay. The Bragg peaks can be observed up to the second order, 
indicating that we indeed have a regular superlattice, consistent with the x-ray diffraction results 
presented above. Due to the presence of some surface roughness, the reflected intensities of the

sapphire // (Dy / Y)
800

600
5

400
u
S

M 200
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Figure 7: Pole figure measurement for Dy/Y 
[1011] plane and sapphire [0001] plane.

0
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first and second Bragg peaks only a fraction of the peak corresponding to the total reflection, and 
the Kiessig fringes between the Bragg peaks are relatively weak. The superlattice period can be 
evaluated by the separation of the Bragg peaks and the critical angles, and the calculated bi-layer 
thickness is within 10% of the expected values.

The XRD and XRR results confirmed the expected 
quality of the superlattices, of sufficient quality for initial 
neutron diffraction measurements. The neutron scatter­
ing measurements are performed at HFIR, High Flux Iso­
tope Reactor, located in Oak Ridge National Laboratory, 
by our collaborator Dr. J. Lee Robertson. Our initial neu­
tron diffraction measurements yielded magnetic superlat­
tice peaks due to the helical magnetic ordering in Dy, 
shown in Fig. 9 for the Dy (002) diffraction peaks. The 
magnetic superlattice peaks develop below ^ 165 K, the 
bulk magnetic ordering temperature of Dy, and confirm 
that a magnetic periodicity exists within the sample be­
low that temperature. Further, the magnetic superlattice 
period deduced from the satellite peaks agrees well with 

both the nominal deposition thicknesses and the superlattice period deduced from X-ray diffrac­
tion measurements. Figure 9 also shows the inelastic neutron diffraction results, which are a first 
indication for quantized magnetic excitations in this system resulting from confinement. Further 
experiments, currently underway, will improve the signal to noise ratio in the inelastic experiment 
by using larger samples with more repetitions. We will also investigate a wider range of multilayers 
with various Dy atomic layers to further evaluate the RKKY interactions as a function of Dy and 
Y layer spacing.

0.05 0.10 0.15 0.20 0.25

Q (A-1)

Figure 8: Normalized intensity (intensity 
x Q4) versus Q for the Dy/Y superlattices 
with different numbers of repeats.

14000

12000-

10000-

V) 8000 -

£ 6000 -

4000-

2000-

0 0 L 0 0 L

Figure 9: (left) Magnetic satellite peaks due to helical magnetic ordering in Dy as a function of the
temperature. (right) Inelastic neutron diffraction results showing quantized excitations due to confinement.
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1.3 Polarized Neutron Reflectometry of FePtRh heterostructures

1.3.1 Background

FePt-based alloys are typically the material of choice for magnetic information storage media. The 
high magnetic moment of Fe gives a large magnetization, while the large atomic number of Pt 
results in a high magnetic anisotropy. This combination of high magnetization and high anisotropy 
enables written bits to be smaller than ever before, since magnetic grains with a high magnetic 
anisotropy are more thermally stable. Another desirable feature is that the anisotropy often results 
in perpendicular magnetization (relative to the film plane), which is the preferred orientation for 
current media. Although these materials are widely used, our fundamental understanding of the 
fundamental physics governing the behavior of magnetization, magnetic anisotropy, and magnetic 
phases still mandates further inquiry.

Our aim is to enhance the knowledge of these materials in order to enable the production of 
layered structures with a more versatile range of tunable magnetic properties. One way to control 
the magnetic properties in these materials is through the introduction of a third element into the 
crystal matrix. When a small amount of Rh is added to replace Pt in the equiatomic alloy, new 
magnetic phases emerge. Exploring the details of the transitions between these phases may enable 
us to understand better and eventually control the type of magnetic behavior exhibited by the 
material. Since changing the composition by only a few percent produces different magnetic phases, 
a superlattice consisting of alternating ferromagnetic and antiferromagnetic layers can be fabricated 
simply by modulating Rh flux during thin film deposition. We have specifically designed the 
superlattices under study to have a chemical period accessible with polarized neutron reflectivity, 
allowing us to probe depth-dependent magnetic order. The detailed magnetic structure of this new 
class of materials is unknown, since suppressing the changes in lattice constant induced by magnetic 
phase may occur.

Our initial experiments have confirmed that our superlattices have a strong magnetic modulation 
with period corresponding to the chemical modulation. The first sample under study was an 8- 
period superlattice of 25% and 5% FePtRh: [10 nm Fe50Pt45Rh5 / 20 nm Fe50Pt25Rh25]s. We 
performed extensive characterizations of single-layer Fe50Pt50-xRhx films and these investigation 
resulted in the development of a refined model of the magnetic structures in these alloys. The 
5% Rh alloy films are ferromagnetic (FM), and the 25% Rh alloy films are antiferromagnetic (AF) 
with a spin ordering transition that occurs near 250 K, as verified by neutron diffraction at HFIR, 
in-house magnetometry, and polarized neutron reflectometry at SNS. For neutron reflectivity it is 
desirable to use sapphire substrates. The choice of 20 nm as the AF film thickness insures that 
the it is thicker than a domain wall width, while for the FM, the thickness is chosen such that the 
change in magnetic anisotropy will create a significant increase in coercivity.

The 2n (002) antiferromagnetic Bragg intensity for the Fe50Pt25Rh25 film showed a maximum 
at T = 275 K which corresponds to a measured anomaly in the bulk susceptibility. This indicates 
that different spin ordering vectors are present at low temperature, meaning that the spin structure 
more complex than the FM sheets with opposite orientations.
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Figure 10: X-ray diffraction results show­
ing the superlattice fringes of the (111) 
peak as multiple diffraction peaks. This 
indicates that the chemical order has been 
modulated, with excellent crystalline qual­
ity throughout the superlattice.

J~X 8

1.3.2 Results

That chemically-modulated superlattices can be grown virtually strain-free and has excellent crystal 
quality is evidenced by our X-ray diffraction results in Fig. 10. The superlattice fringes of the (111) 
peak as multiple diffraction peaks indicates that the chemical order has been modulated, with 
excellent crystalline quality throughout the superlattice. The magnetic modulation is evident from 
polarized neutron reflectivity performed at SNS, Fig. 11, confirming that the magnetic properties are 
modulated on a length scale of ^ 30 nm, consistent with the chemical modulation period. Neutron 
scattering density has both a chemical and magnetic contribution, and the magnetic contribution 
can be positive or negative, depending on the relative orientations of neutron spin and sample 
magnetization. In polarized neutron reflectivity measurement, the polarization of the neutrons is 
flipped relative to the magnetization of the sample and the observed difference in the critical edges is 
a direct measure of the magnetization of the sample. The peaks in the spectra correspond therefore 
to Bragg peaks from both chemical and magnetic periodicity. Both R++ and R spectra exhibit 
Bragg peaks; the much stronger intensity for the R++ spectra indicate that the purely magnetic 
periodicity is predominantly responsible for Bragg peaks.

Figure 11: Polarized neutron reflectome- 
try on the superlattice sample, showing re­
flectivities for neutron spin parallel (R++) 
and antiparallel (R ) to the applied mag­
netic field. The change in Bragg peak inten­
sity between R++ and R-- curves indicate 
that the magnetic order is modulated on a 
length scale of ^ 30 nm, consistent with the 
superlattice’s chemical period.

High-resolution transmission electron microscopy was used to verify the quality of the super­
lattices and provide local structural information. Figure 12 shows a HAADF-STEM image from

DOE-EPSCoR: Exchange interactions in epitaxial intermetallic layered systems
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a cross sectional plane of APOM112())/( TM ’1/ |lM-,nl,l |5Rh5 ( 10 nm)MM-,n Pt2.-, Rh25 (20 nm)|8/Pl 
mullilaycr sample. Since the imaging contrast is proportional to Z2 (Z: atomic weight), the brightly 
and darkly imaged layers are attributed to the Pe-,n Pt |5I <h.5 and Pe-.M’t |5Rh25 (20 nm) layer, and 
the actual layer thickness is consistent with the expected layer thickness. Furthermore, this result 
is consistent with an observation of clear satellite peaks in a typical XRD pattern.

Figure 12: STEM image lor l;<gMPt |HMi.-1.T'e.-1,,I<ll-j.-1Et-j.-1 superlattice sample.

The bright field image for the same sample is shown in Fig. 13 (a). As indicated by arrows, 
darkly imaging contrast can be observed indicating that the each layer is not a single crystalline 
one. Figure 13 (b) and (c) show selected area diffraction (SAD) patterns obtained from region I 
and II in Fig. 13 (a). These SAD patterns are indexed as faec-eentered-tetragonal phase from the 
zone axis of |KM|. and show the 1111| direction is orientated along film normal direction. These 
SAD patterns, Fig. 13 (a) and (b) are rotating Miff' each other. This implies that the film was 
grown with two different stacking sequences, one is AFCAFC, and another is CBACBA along film 
growth direction which resulted in the difference of the electron diffraction patterns.

Figure 13: (a) Bright field image for Mr IT-.mPi |5 Rh.-, MIdgg Pt •_.-, superlattice sample. (b) Electron 
diffraction pattern obtained in region-I, (b) electron diffraction pattern obtained in region-II.
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1.4 Controlling Magnetic Anisotropy in Epitaxial FePt(001) Films

1.4.1 Background

In the past decade, with introduction of new technologies, the areal density of magnetic recording 
has increased to the point that it exceeds 100 Gb/in2. To further increase the areal density, it will 
be necessary to store the data on ferromagnetic particles with scale smaller than ~ 10 nm. However, 
for any ferromagnetic material, there is a minimum the grain size necessary to keep an acceptable 
thermal stability, which is the so-called superparamagnetic limit. To decrease the critical grain 
size, magnetic materials with high uniaxial anisotropy should be used for recording media. Due to 
the extremely high uniaxial magnetic anisotropy (Ku ~ 7 x 107 erg/cc)30, the L10 phase equiatomic 
FePt alloy is one of the most promising candidates for ultrahigh density magnetic recording.31

There is an accompanying writability problem associated with materials with high anisotropy. 
Since the coercivity of the recording media is roughly proportional to Ku, the ultrahigh Ku of the 
media material may make it impossible to write on the media with the maximum attainable write 
head field. An important technical challenge for enabling these concepts is developing an ability to 
control the magnetic anisotropy of each magnetic layer. In this work by studying dependence of the 
magnetic properties of epitaxial FePt films on the chemical order parameter S and composition, it is 
demonstrated that the magnetic anisotropy can be tuned, either by controlling the order parameter 
or by varying the composition of the alloy thin films.

1.4.2 Results

Fe100-xPtx films with x ranging from 50 to 33 were 
deposited by DC sputtering from an equiatomic 
FesoPtso alloy target onto single crystalline MgO 
(001) substrates with Cr (4nm) and Pt (12nm) as 
buffer layer and seed layers, respectively. Sam­
ples were made with FeS0PtS0 thin films deposited 
at various growth temperatures, Tg, ranging from 
300 — 720°C. The crystal structure of the films was 
investigated by x-ray diffraction and the magnetic 
properties of the films were characterized using an 
alternating gradient magnetometer (AGM).

Figure 14: Dependence of order parameter S Our initial investigations show that the order pa-
and lattice constant c on substrate temperature.

rameter S and lattice constant c as determined by 
x-ray diffraction depend strongly and monotomically 

on growth temperature, Tg, as shown in Fig. 14. With the increase of Tg, the order parameter in­
creases: at 300°C, the film is chemically-disordered, while at 750° the film displays nearly perfect 
chemical order. The maximum growth temperature of 750°C was a limit imposed by the sample 
heater in the deposition system. It is possible that the films may undergo an order-disorder tran­
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sition at even higher temperatures, which would be accompanied by a decrease in chemical order 
parameter. The c-axis lattice parameter is reduced as the PesoPtso transforms from the chemically- 
disordered fcc phase to the chemicallyordered L10 phase. Our recent publication tracked the changes
in magnetic properties as a function of the order parameter.

Figure 15: Hysteresis loops for 
Pe50Pt50 films with different or­
der parameter S.

The magnetic properties clearly change as the order parameter 
S changes, as evidenced by the easy and hard axis loops shown in 
Pig. 15. The saturation magnetization of all the films is near 1100± 
100 emu/cc, which coincides with the value of bulk L1o PesoPtso,32 
indicating that changes in the order parameter do not alter the 
overall magnetization. The films with S > 0.3 have out-of plane 
easy axis, indicated by the bow-type easy-axis loops, suggesting 
that domain wall motion is involved in the switching.

The hard axis loop of these films has a small coercivity which 
is likely to be caused by the mixture of ordered and disordered 
phases. By comparing the hard axis loops of the films with S > 0.3, 
we find that with the increase of S, the hard axis loops requires 
a larger applied magnetic field to saturate. We can estimate 
Hk, even though the loops are not saturated, by extrapolating 
the hard axis loop. Prom the estimated Hk values, we can fur­
ther calculate the anisotropy taking into account demagnetization, 
which yields for films with S = {0.9,0.7, 0.5,0.32} anisotropies of 
Ku = {4.6, 3.3, 2.2,1.7} x 107 erg/cc, respectively. In short, a de­
creasing chemical order parameter leads to a decrease in anisotropy, 
ranging from a soft in-plane magnetized film to a hard out-of-plane 
magnetized film. For the application of multilayer exchanged com­
posite media and anisotropy graded media, it is desirable for the
material of each layer to have perpendicular anisotropy. According

to the results shown above, Pe5oPt5o films with S down to 0.32 are sufficient for this application.

1.5 Structural and Magnetic Properties of Epitaxial Fe25Pt75

1.5.1 Background

The goal of this work is to learn to control magnetic ordering on the nanoscale. This can be ac­
complished by studying thin film layers of PePt3 (Pe25Pt75), a material which has the remarkable 
property that, depending on the degree of chemical order, a ferromagnetic (PM) and an antiferro­
magnetic (AP) magnetic state can coexist at the same temperature. Chemically-ordered epitaxial 
PePt3 films have two distinct antiferromagnetic phases at temperatures below ^ 160 K, and exhibit 
paramagnetism above that temperature. In sharp contrast, chemically-disordered epitaxial PePt3 
films are ferromagnetic with a Curie temperature that is greater than 400 K.
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The crystal structure of PePt3 is similar to Cu3Au which is a prototype for a chemical order- 
disorder transition. Stoichiometric PePt3 in perfectly chemically ordered face-centered cubic (fcc) 
L12 structure shows antiferromagnetic order below TN = 170 K. In this structure, the chemical 
order corresponds to the Pe atoms occupying the corners and Pt atoms located at the faces of 
the cubic cell. The Pe moments (mFe = 3.3 ^B extrapolated to T = 0K) order on (110) alternating 
ferromagnetic subsheets, while the Pt atoms carry a small moment (mPt <0.2^B). The AP ordered 
magnetic phase of PePt3 is very sensitive to plastic deformation resulting in chemical disorder [6,7]. 
Plastic deformation with consequential increased dislocation densities, can be obtained by cold 
working the chemically ordered alloy, which, in turn, leads to Pe atoms occupying face centered 
positions rather than corner positions in the fcc ordered lattice [8]. As a result, the positive exchange 
between next neighbor Pe atoms introduces a tendency to PM order. Completely disordered PePt3 
has an fcc structure in which each lattice site is occupied by, on average, | Pe and | Pt atoms, 
where the atomic fractions represent probabilities. Chemically disordered bulk PePt orders PM at 
temperatures below about 425 K.

In this experiment, we aim to demonstrated that by varying the substrate temperature during 
growth, epitaxial films with varying degrees of chemical order can be produced, and it is possible 
to produce an alloy with the same composition throughout the film with a modified magnetic 
structure. To this end, we have used polarized neutron reflectivity to gauge the depth-dependent 
magnetism of a Pe25Pt75 sample produced with a periodic variation in the growth temperature.

1.5.2 Results

In our preliminary work, we demonstrated that the chemical ordering of epitaxial films can be 
controlled by varying the substrate temperature during growth. In the case of PePt3 grown epi­
taxially on MgO(001) substrates, we have been able to obtain near perfect chemical ordering for 
a substrate growth temperature of 600 — 700°C, corresponding to the AP PePt3 phase, while the 
chemical order is essentially absent for growth temperatures of ~400°C, corresponding to the PM 
phase. Thus, by rapidly varying the substrate temperature from 400-700°C during growth, we can 
produce a superlattice that is chemically homogeneous - as viewed by, e.g., x-ray reflectivity - while 
displaying a modulation of magnetic order - as viewed by, e.g., polarized neutron reflectivity.

To perform neutron reflectivity measurements, it is desirable to have a periodic variation of 
the film structure with a few repeats. The repeat periodicity must correspond to the inverse 
of the momentum transfer range of the instrument to enable the observation of Bragg peaks in 
the reflectivity data. We chose to fabricate a five period superlattice for this purpose, consisting 
five bilayers nominally of [20 nm PePt3 grown at 600°C (ordered) / 10 nm PePt3 grown at 400°C 
(disordered)].

Prom x-ray diffraction data on this sample, we calculate an order parameter for the entire 
superlattice of S = 0.56, corresponding to a thickness-weighted average of the disordered (S = 0) 
and ordered (S ~ 1) regions. Por this sample, the temperature change was programmed such that 
the transition region extended into the high- and low-temperature deposited regions. In addition,
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it takes about twice as much time to cool down as it does to heat up the sample. The calculated 
order parameter is consistent with a film consisting of repeats of the following actual structure of 
FePt3 layers: [15 nm at 600°C / 5 nm cooling from 600-400°C / 7 nm at 400°C / 3 nm heating 
from 400-600° C].

Figure 16 shows polarized neutron reflectivity measurements of a representative sample at low 
temperature and room temperature. The critical edge, defined as the momentum transfer at the 
point where the reflectivity drops to 0.5, is a direct measure of the neutron scattering density of the 
material. As mentioned above, in polarized neutron reflectivity measurement, the polarization of 
the neutrons is flipped relative to the magnetization of the sample and the observed difference in the 
critical edges is a direct measure of the magnetization of the sample. At 300 K, the splitting is nearly 
zero corresponding to a small residual magnetization of the sample near the Curie temperature. 
When the sample is cooled to 5 K, the larger magnetic splitting indicates that the sample has 
a ferromagnetic component which can be correlated with the ferromagnetism of the disordered 
component of the sample.

J2^nmJ20 nm Fe2SPt.5@600C/10 nm Fe25Pt75@400C]^ 

T=5K; Field 1T

1 °'1 
I

1 0.01

V\s V

0.02 0.03 0.04

Perpendicular momentum, Qz (A1)

Figure 16: Polarized Neu­
tron Reflectivity of an order- 
parameter-modulated magnetic 
superlattice showing the in­
crease in magnetic splitting as 
the sample is cooled. The red 
and blue curves are reflectiv­
ities for neutron spin parallel 
(R++) and antiparallel (R )
to the applied magnetic field.

These results indicate that we have produced a superlattice of ordered/disordered FePt3 and 
verified that the magnetic structure is modulated on the scale of 30 nm using polarized neutron 
reflectometry. Two features in the temperature dependent reflectivity curves confirm our hypothe­
sis. First, the magnetic splitting, which is the difference between the red and blue curves in Fig. 16 
increases dramatically as the sample is cooled below room temperature to 5 K. This indicates the 
presence of ferromagnetic FePt3 for the component grown at low temperature. Second, the Bragg 
peak (seen as a hump in the red curve around Qz = 0.025 A-1 at 5K) appears when the sample is 
cooled. This indicates a modulation of the magnetic structure on the appropriate length scale. The 
splitting drops dramatically near room temperature, which is consistent with a ferromagnetic Curie 
temperature of 360 — 425 K for bulk alloys.33 A reduced Curie temperature of 255 K has recently 
been observed in Fe25Pt75 nanocubes produced by chemical synthesis methods.34 Further measure­
ments are underway to correlate these observations with magnetometry measurements, which show 
that the material develops a magnetic exchange bias when it is cooled below the Neel temperature 
of the antiferromagnetic phase.
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Polarized Neutron Reflectivity of Spin Structures in Novel Magnetic Films, International Con­
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termetallic Layered Systems, DOE-EPSCoR program review 2008, July 22-24, Oak Ridge 
National Laboratory (poster)
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