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Effect of microstructure on magnetic properties and anisotropy distributions
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The structure of Co/Pd multilayers has a strong effect on the localized anisotropy distribution within a film
and on the resulting switching properties of nanostructures fabricated from identical material. By varying the
underlying seed layer in sputtered films, the microstructure can be controlled from being highly (111) textured
to having a random grain orientation. We find a strong correlation between the lateral homogeneity of grain
orientations and the localized anisotropy distribution in the material. X-ray diffraction and reflectivity indicate
that the interface is better defined and more uniform in the textured case, consistent with the presence of a

strong interfacelike anisotropy.
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L. INTRODUCTION

Perpendicularly magnetized nanostructures are central to
many developing technologies including bit-patterned media
(BPM),! magnetic random access memory,? and spintronics
devices. These technologies all rely on producing arrays of
perpendicularly magnetized nanomagnets with predictable
switching fields and narrow switching field distributions
(SFDs). An understanding of how to control and reduce
SEDs is necessary before new technologies can utilize such
perpendicular magnetic nanostructures. As an example,
simulations of bit error rates in BPM were found to be highly
dependent on anisotropy distributions,® which will likely
have to be reduced below 5%.* Multilayered materials such
as Co/Pd, Co/Pt, and Co/Ni are being explored for applica-
tions in BPM (Refs. 1 and 5-10) and spintronics? due to their
highly tunable perpendicular anisotropy. While there are sev-
eral factors that affect switching field distributions, such as
lithographic variations and dipole interactions,!! the domi-
nant contribution in such materials resides in the intrinsic
material properties.!?~'4 More specifically, thin films, such as
Co/Pd or Co/Pt multilayers, possess a lateral distribution of
local anisotropy fields. When patterned into nanostructures,
this distribution of anisotropy fields results in a distribution
of nucleation fields from nanostructure to nanostructure. The
origins of these local anisotropy fluctuations are not well
understood but some evidence has suggested that variations
in localized strain or grain crystal orientation may be
responsible. 31

We have previously shown that we could dramatically
change the SFDs in nominally identical Co/Pd multilayer
structures by varying the seed layer.!> That work concluded
that variations in one or more material properties were domi-
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nating SFDs in the resulting nanostructures. However, we
were unclear what specific properties were primarily respon-
sible. In the present work, we show that the choice of the
underlying seed layer strongly affects the resulting micro-
structure, and then correlate the structure to the magnetic
properties of the thin films and nanostructures. We present
strong evidence that the grain orientation affects the local
anisotropy field.

II. EXPERIMENT

Co/Pd multilayers were deposited by dc-magnetron sput-
tering on thermally oxidized Si wafers with the following
structure:  seed  layer/[Co(zg,)/Pd(2.91¢,)]1 X 8/Pd(3 nm),
where fc, is the individual Co layer thickness. The seed layer
was either a single Pd(3 nm) layer or a Ta(3 nm)/Pd(3 nm)
bilayer. These seed layers will be referred to as the Pd seed
and the Ta seed, respectively. Film deposition rates were cali-
brated by use of a profilometer that was itself first calibrated
to within 5% of a standard. The magnetic properties of the
resulting thin films were characterized using a superconduct-
ing quantum interference device (SQUID) magnetometer
that was calibrated using a NIST traceable Ni sphere stan-
dard and an alternating gradient magnetometer.

Nanostructures were fabricated using electron-beam li-
thography to expose a polymethylmethacrylate layer which
was developed in methy] isobutyl ketone MIBK: isopropanol
(1:3). Approximately 20 nm of ion-beam-deposited Cr was
then lifted off to form an etch mask. The patterned etch mask
was then transferred to the Co/Pd multilayer thin films via a
300 eV Ar ion mill. Figure 1{a) shows a scanning electron
microscope (SEM) image of typical nanostructures resulting
from this process.

©2009 The American Physical Society
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FIG. 1. (Color online) (a) SEM micrograph of the fg,
=0.29 nm, Pd seed sample showing nominal 50-nm-diameter nano-
structures. (b) Overlaid hysteresis and remanent hysteresis curves
showing identical results with either technique. (c) Hysteresis
curves and resuiting differential curves for various diameter struc-
tures. The lines through the differential data are Gaussian distribu-
tion fits used to extract values of H,; and 0.

The magnetic properties of the nanostructures were mea-
sured by a focused polar magneto-optic Kerr effect magne-
tometer capable of 2 T out-of-plane fields and an approxi-
mate 15 um spot size. Both hysteresis curves and remanent
hysteresis curves were measured with this system. However,
we found no difference in the two curves used in this study,
as demonstrated in Fig. 1(b). We note that these two mea-
surements may not necessarily be equivalent when the ap-
plied field is not collinear with the sample normal (i.e., when
the applied field can significantly rotate the magnetization
away from its remanent state or anisotropy axis). The switch-
ing field distribution (SFD) is determined by numerically
differentiating the hysteresis curve and fitting it to a Gauss-
ian distribution, as demonstrated in Fig. 1(c). This fit yields
values of the average switching field, H,, and standard de-
viation, . The SFED is then calculated as: (o-/fo) X 100%.

Surface-topography measurements were performed using
tapping-mode atomic force microscopy (AFM). The grain
size was determined from power spectrum plots taken from
500X 500 nm? scans. A peak in the power spectrum was
observed at the characteristic length associated with the grain
size, which was verified by manually measuring several in-
dividual grains. Error bars are determined by the width of
this peak, which is also related to the spread in grain sizes.
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FIG. 2. Cross-section HR-TEM micrographs of: (a) Pd seed and
(b) Ta seed multilayer film. Higher magnification images are in-
cluded (right) as well as the corresponding Fourier transforms of the
micrographs (insets).

Root-mean-square (rms) roughness values were calculated
from the same scans. We caution against overinterpreting
absolute numbers for the rms roughness and spread in grain
size with this technique since different values can result de-
pending on cantilever tip radius and scan parameters. How-
ever, these values prove useful for direct coniparison.

Cross-section samples suitable for electron microscopy
observation were prepared by slicing, mechanical polishing,
and final thinning to perforation using an argon ion-mill op-
erated at low incidence angle and low energy. Observations
were made with a 400 keV high-resolution electron micro-
scope operated in both diffraction-contrast and high-
resolution imaging modes. The [110] zone axis projection of
the Si{001) substrate was used to ensure that the substrate
surface plane was aligned to be parallel to the incident-beam
direction.

X-ray diffraction (XRD) and reflectometry (XRR) experi-
ments were carried out on beamline X10A at the National
Synchrotron Light Source, Brookhaven National Laborato-
ries. The samples were mounted in the reflectivity geometry
on a four-circle goniometer, with a germanium [111] ana-
lyzer crystal followed by a point detector mounted on the 26
arm. This setup gives a machine angular resolution of g,
<3X 1073 nm™'. Flatness of the sample and zero for 26
were determined, and the sample was blocking exactly half
the beam when 0 and 260 were zero. The goniometer was then
moved to higher g, where € and y angles were rocked to
ensure proper zero for both angular dimensions. With all four
circles aligned, measurements were made in a progression of
decreasing attenuation as g was increased, allowing for eight
decades in the measured intensity.

IIT. RESULTS AND DISCUSSION
A. Thin-film multilayer structure

Figures 2(a) and 2(b) show cross-section high-resolution
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FIG. 3. (Color online) Specular XRD spectra and best fits for:
(a) Pd seed and (b) Ta seed multilayer films. The ideal locations of
the (111) Pd and (111) Co peaks are indicated by the vertical lines.

transmission electron microscope (HR-TEM) images for the
Pd seed and Ta seed thin film samples, respectively. The
images are Fourier transformed and the corresponding Fou-
rier spectra are shown in the respective insets. A circular
pattern is visible in the Fourier spectrum for the Pd seed
sample, indicative of the microstructure having a highly ran-
dom or nonpreferred orientation. In contrast, the Fourier
spectrum for the Ta seed shows two intense spots above and
below the origin which is indicative of a highly (111)-
textured microstructure. Observations of the lattice fringes in
the HR-TEM images are consistent with this trend.

The difference in microstructure is further confirmed in
the specular XRD spectra shown in Fig. 3. Here, the scatter-
ing wave vector ¢ is strictly normal to the surface, and thus
diffraction is observed only from lattice vectors orientated
normal to the surface. The Pd seed sample shows a very
weak peak near the expected position of the (111) peak, con-
sistent with a highly random distribution of grain orientation
observed in the TEM data. As expected from the HR-TEM
results, the Ta seed sample has a well-defined and intense
(111) diffraction peak.

The peak locations for the bulk values of Co and Pd are
separately indicated in Fig. 3 (vertical dashed lines); these do
not coincide with the measured peaks. In addition, only a
single peak is observed, suggesting that the Co/Pd layer is
uniformly strained, consistent with previous
observations.!®!? Fitting of the XRD data indicates that the
location of the (111) peak is 28.5+0.15 nm™! for the Pd
seed layer and 28.4*0.05 nm™' for the Ta seed layer. The
shoulder present on the left side of the peak is due to oscil-
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lations resulting from interference of the highly coherent
x-ray beam with the multilayer film, and should not be mis-
taken for variations in lattice constant within the material.
These oscillations have a well-defined period and were in-
cluded in the peak fitting.

The lattice constant of an ideal, uniformly strained Co/Pd
layer can be calculated by considering the weighted average
of lattice constants for the Co and Pd present in the film. This
calculation includes the Pd contained in both the seed and
the capping layers, and assumes a linear relationship of lat-
tice constants in the weighted average. Since the Ta layer is
amorphous (no ordering was detected in the HR-TEM or
XRD data), it was not included in the strain calculation. The
calculated wave vectors for the (111) diffraction peak are
qyy,=28.42 and 28.40 nm™' for the Pd seed and Ta seed

- samples, respectively. These values are in good agreement

with the experimental data, which is consistent with a uni-
formly strained film. For comparison, if the average lattice
constant in the Co/Pd multilayer alone is considered (ne-
glecting the Pd in both the seed and capping layers), the
calculated wave vectors become g,;,=28.62 nm™' for both
the Pd seed and Ta seed samples, which is not in good agree-
ment with the experimental data.

Ex situ AFM analysis was performed to approximate and
compare the grain size and rms roughness of the multilay-
ered films. AFM images for a few values of Co layer thick-
ness ¢, for Ta [Figs. 4(a) and 4(b)] and Pd seed [Figs. 4(c)
and 4(d)] samples. Plots of the grain size and rms roughness
as a function of #¢, are given in Figs. 4(e) and 4(f) as deter-
mined from analysis of the AFM scans. Both the grain size
and the rms roughness are similar for the thinnest samples.
However, the Pd seed samples show a significantly larger
increase in the grain size and rms roughness as fq, is in-
creased relative to the Ta seed samples.

Figures 5(a) and 5(b) show the XRR spectra for the Pd
and Ta seed samples, respectively. Because of the large co-
herence length of the x-ray beam (~50 um), the reflectivity
curves are an effective probe of deviations of interface struc-
ture from being atomically smooth and perfectly planar.
Thus, the scattering profile was modeled using tabulated bulk
scattering and x-ray index of refraction constants and fits
were performed whereby the thickness and interface sigma
of each layer were allowed to vary. The scattering profiles for
the best fits to the data are included as insets in the respective
figures. The bilayer thickness was found to be approximately
10% larger relative to the thickness determined from deposi-
tion rates calibrated using a profilometer. We speculate that
this discrepancy is due to the use of bulk scattering and index
of refraction constants in the fits. Thus, these constants may
not be strictly accurate for the ultrathin layers in the Co/Pd
multilayers where some alloying may occur, as well as the
presence of significant strain, as indicated by the specular
XRD data.

The values of interface sigma from the fitted data were
found to be (0.57%0.02) and (0.35+0.04) nm for the Pd
and Ta seed samples, respectively. This difference is indica-
tive of either: (i) an increase in interface roughness, (i) lat-
eral variations over small length scales, (iii) discontinuity of
the interface, or (iv) a more diffuse interface. The AFM data
show a similar trend in roughness values with a 38% in-
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FIG. 4. (Color online) AFM images of: [(a) and (b)] Ta seed and
[(c) and (d)] Pd seed multilayer films. The (e) grain size and (f) rms
roughness are also plotted as a function of Co layer thickness.

crease in the Pd seed versus the Ta seed. However, the in-
crease is not as large as the XRR data which shows a 63%
increase in interface sigma of the Pd seed. These results sug-
gest that the Ta seed sample also has a better defined, less
diffuse interface and/or reduced lateral variation relative to
the Pd seed sample. This trend was also qualitatively ob-
served in the superlattice peak of the XRR spectra, as indi-
cated by the arrows in Fig. 5. The superlattice peak is barely
visible in the Pd seed spectrum, but is well defined in the Ta
seed spectrum. The presence of the superlattice peak alone
also verifies that the individual Co and Pd layers are well
defined despite being only a few monolayers thick.

One possible explanation for the difference in interface
quality could reside in an anisotropic growth mode of the
system. The growth mode of epitaxial films was previously
observed to be dependent on the orientation.'® In the present
case, the random orientation of the Pd seed layer sample may
result in lateral variation in the growth mode and the result-
ing morphology changes from grain to grain.

7

B. Magnetic proﬁerties of multilayer films

1. Magnetization

The effective anisotropy field Hsz and saturation mag-
netic moment u, of the films were determined from in-plane
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FIG. 5. (Color online) XRR spectra and best fits for: (a) Pd seed
and (b) Ta seed multilayer films. The scattering profile generated by
the best fits are included as insets to the respective spectra.

magnetization loops as shown in Fig. 6. The saturation mag-
netization M, is calculated from M =u,/(a-T"), where y; is
the saturation moment, I'=8 X (tpy+2co) =8 X (3.91¢,) is the
total multilayer film thickness, #¢, is the individual Co layer
thickness, fpg(=2.91¢,) is the individual Pd layer thickness,
and a is the surface area of the sample. A plot of M, versus
the inverse Co thickness (1/zc,) is given in Fig. 7(a). An
important feature of this plot is the nonzero slope showing
the effect of the magnetic polarization of Pd in the vicinity of
the Co.

If the Pd polarization is assumed to be confined to the
interfacial region then a simple model can be generated to

0.3 . T
§ 5 X i 0.45 -
o | . teoi=.0.45 nm
02 ‘ Ta Seed
0.34+—
2 -1 0 1 2
#,H(T)

FIG. 6. (Color online) Typical SQUID in-plane magnetization
curve showing how the saturation moment and effective anisotropy
field are determined.
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FIG. 7. (Color online) (a) Saturation magnetization as a function
of inverse Co layer thickness for Pd seed (O) and Ta sced (A)
samples. A linear fit to the combined data is included which was
used to determine the amount of Pd magnetic polarization. An ideal
(b), and more realistic (c), schematics of the magnetic moment dis-
tribution with magnetic polarization of the interfacial Pd atoms are
also shown.

explain the data and to quantify the Pd polarization. Here, we
consider a thin-polarized Pd 1eg10n at the Co/Pd interface
with uniform magnetization M which is confined to a
thickness t”ff as shown schematlcally in Fig. 7(b). The mea-
sured value of the total film M, is then a sum of the Co
contribution (first term) and the polarized Pd (second term)
in

2y 5
3.9%c,

poMS®  npo(M ) pMS

3.9 r Y

IU'OMS=
(1)

where, MS° is the bulk magnetization of Co, n=16 is the
number of Co/Pd interfaces, and the factor of 3.9 in the first
term arises from the dilution of the Co moment with Pd in
the multilayer. A linear fit to the inverse thickness (l/ teo)
dependence of M allows separate determination of M and
the product (MP‘; eff) Here, the (Mpdteff) term acts as an
effective interface magnetization term for the polarized Pd.
Our data yield values of (1.86+0.08) T for /u,,,Mf° (which
is within experimental error of the tabulated value of 1.78 T
for Co), and (7.8 1.0)X 107" T m for wu,(M> ). Some
evidence suggests that the polarization is confined to the first
2 monolayers (0.448 nm) of Pd.'” This would result in an
average value of p.oMfd =(.17 T for the polarized Pd, which
is a significant contribution the total moment profile in the
system.

This analysis also shows that an interface model is con-
sistent in describing the data in Fig. 7(a). As a consequence
of such an interface effect, variations in the interface defini-
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FIG. 8. (Color online) Plot of anisotropy energy density as a
function of the inverse Co layer thickness for Pd seed (O) and Ta
seed (A) samples. A linear fit to the Ta data is included, which is
used to separate the Kj,, and K;,,. The three values of ¢, that were
patterned into nanostructures are indicated in the figure by vertical
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tion will also lead to variations in the local magnetization of
the system. However, the data in Fig, 7(a) show that there is
no significant difference in M with the seed layers used, and
thus with the resulting microstructure. This is surprising
since the XRR results indicated different interface quality in
the two samples. It would be expected that a more diffuse
interface would lead to more Pd atoms in contact with Co
atoms, increasing the total amount of polarization. This sug-
gests that lateral variation is responsible for the weaker su-
perlattice peak in the XRR data of the Pd seed sample as
opposed to increased interface diffusion.

Finally, we point out that the actual distribution of the Pd
moment is likely to be highest at the first monolayer in con-
tact with Co and then decay as the distance from the inter-
face increases, as schematically depicted in Fig. 7(c). If
M(xpg) is taken as an arbitrary profile of the Pd magnetiza-
tion as a function of distance from the interface xpy, such a
magnetization profile in Pd can be related to the experimen-
tally measured value of (MF*&) by the following relation:

po(MPh) = f oM (xepg)dxpg = (7.8 £ 1.0) X 10! Tm
)

2. Magnetic anisotropy

The effective anisotropy field HZ” is determined from the
saturation point of in-plane magnetization curves as shown
in Fig. 6. For the analysis here, second-order anisotropy
terms are neglected. The intrinsic anisotropy energy density
(K/Tmy normalized to the volume of the entire multilayer film
is then determined from Eq. (3).

" M,
Kfitm = (FLOZ )(Hcff+ M.\')' (3)

The anisotropy energy density is plotted as a function of
1/t¢, in Fig. 8 for both the Pd and Ta seed layer samples.
The Ta seed layer data show a linear trend as would be
expected if the anisotropy is due to a bulk (Kp,;) and an
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interfacial (K;,,) contribution. K}, and K, are related to the
total anisotropy and can be separated by the following rela-
tion:

] nk; 2K;
K= Ky e+ =2 = Ky + —— 2%,
bulk I bulk 3 -gtCo

4)

The negative value of the y intercept in Fig. 8, and thus K1,
indicates that this term favors in-plane magnetization. As a
result, the out-of-plane anisotropy originates from K, There
is still significant debate as to whether this originates funda-
mentally from an intrinsic interface anisotropy, interface al-
loying, or from magnetoelastic origins.'*-2* However, since
we keep the ratio rpy/f¢, fixed at 2.9 and the x-ray data
indicate the multilayer is uniformly strained, the magneto-
elastic contribution would be constant for the multilayers
studied here, and should therefore be included in the K,
term. While such a magnetoelastic contribution to K, can-
not be excluded, our data are consistent with the presence of
a strong out-of-plane interfacial-like anisotropy. Although
beyond the scope of the present work, it is reasonable to
assume that both magnetoelastic and interfacial anisotropies
are present and contribute to Kgy,,, which could resolve the
contfoversy and the evidence for the existence of both.

In contrast to the textured Ta seed anisotropy data, the
randomly oriented Pd seed shows very different behavior
that is not well described by Eq. (4). At smaller thickness
values (below t,=~0.33 nm), the anisotropy appears to be
strongly suppressed relative to the Ta seed data. However,
the data begin to align with the Ta seed data at larger thick-
ness values. This is consistent with the XRR data, which
show a less defined or consistent interface in the Pd seed
sample. Because suppression of the anisotropy is present
only below a certain thickness, these data suggest that the
Co/Pd interface may not be as laterally continuous or homo-
geneous below this thickness. Differences in the anisotropy
between the (111)-textured and random orientations would
be expected since K, was found to be a function of
orientation,® but such effects would be expected to be inde-
pendent of thickness.

If the anisotropy is assumed to reside solely in the Co
layers and interface (i.e., neglecting contributions of the po-
larized Pd) then the intrinsic anisotropy energy density (K)
- for the Ta seed data can be approximated by replacing M,
with MS° and I with the toral Co thickness, nfc,. in Egs. (3)
and (4). (Recall that K™ in Eq. (4) is an energy density
treating the entire film as a homogeneous system. Here, we
find the intrinsic energy density assuming it resides solely in
the Co layers and normalizing it to Co. While K" normal-
ized to the entire multilayer film volume is more useful in
many applications, this treatment is more fundamental and
allows for direct comparison of results regardless of the
multilayer thickness structure). This analysis yields values of
~74X10° J/m3 for the bulk anisotropy and 6.8
X 107* J/m? for the interface anisotropy energy. The mea-
sured interface anisotropy agrees well with the value of 6.3
X 10™* J/m? measured by Engel e al.?° despite very differ-
ent growth conditions. The values of the bulk anisotropy
energy in these cases are not directly comparable since the

PHYSICAL REVIEW B 80, 184419 (2009)

ratio of 7p, to tpy differ. Recall, that the x-ray diffraction
results indicate a uniformly strained film, and by varying this
ratio, the magnetoelastic contribution to K}, will also vary.

JIn addition, Engel et al. found a profound difference in Kp,;

as a function of crystal orientation further complicating di-
rect comparison.

This analysis shows that the interfacelike anisotropy K,
term is very large in magnitude and as a result, the aniso-
tropy is a strong function of the Co and Pd layer thickness.
Thus, small lateral variations in layer thickness will result in
significant local variations in the anisotropy. Such thickness
fluctuations could result from film roughness as well as dif-
ferences in the growth mode from grain to grain due to varia-
tions in crystallographic orientation. This latter effect would
offer additional dependence of the local anisotropy field on
the grain orientation relative to the more obvious contribu-
tion of the magnetocrystalline anisotropy.

Finally, it would be expected that a deviation from linear-
ity in Eq. (4) would occur at the point where the transition
from fec to hep Co occurs. Such a transition was previously
observed to occur at fc,=1.5 nm in Co/Pt multilayers.” Evi-
dence of this transition in the anisotropy data is not observed
here, indicating that its effect on the total anisotropy is rela-
tively small. Thus, lateral fluctuations from fcc to hep Co are
unlikely to cause a large effect on anisotropy variations.

C. Switching properties of nanostructures

The multilayer thin films described in the previous sec-
tions were patterned into circular structures ranging from 50
nm to 5 um in diameter. Figures 9(a)-9(c) show the diam-
eter dependence of the average switching field H,, for
samples with 1,=0.29, 0.33, and 0.45 nim, respectively. One
trend observed in all samples was that the textured Ta seed
data have significantly higher values of H,, relative to the
randomly oriented Pd seed data. This trend can be easily
explained in the data for #5,=0.29 and 0.33 nm because of
the detectable difference in anisotropy between the multilay-
ered films (Fig. 8). However, while the film anisotropies are
more similar for the case of 7¢,=0.45 nm, the values of H
remain significantly different. A full explanation will prob-
ably require an accounting of the random orientation of the
Pd seed layer, which would contribute to a much larger dis-
tribution of localized anisotropy fields. This effect of aniso-
tropy distribution on the switching field is outlined in Ref.
12. It would also be expected that a larger distribution of
anisotropy fields would result in larger switching field distri-
butions in patterned structures. Indeed, when the SFDs are
compared in Fig. 9(f), the Pd seed sample has a significantly
larger value relative to the Ta seed sample, especially in the
smallest structures, confirming a significant increase in an-
isotropy distributions.

Two interesting trends in the SED data are also observed
in Figs. 9(d)-9(f): (1) the textured Ta seed data are largely
unchanged as f¢, is varied and (2) the SFDs significantly
decrease for the randomly oriented Pd seed data as the £, is
decreased. These trends correlate well with the grain size and
rms roughness data, which show little difference over this
thickness range for the Ta seed, but a large increase in the Pd
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FIG. 9. (Color online) Plots of H,, as a function of nominal
nanostructure diameter for (a) #¢,=0.29 nm, (b) tc,=0.33 nm, and
(¢) tco=0.45 nm samples, as well as plots of SFD as a function of
nominal nanostructure diameter for (d) #c,=0.29 nm, (&) fco
=0.33 nm, and (f) /c,=0.45 nm samples with both Pd seed (O)
and Ta seed (A).

seed for larger thicknesses. However, grain size and rongh-
ness cannot be the sole contribution to the switching proper-
ties since the difference in Hyy remains large between the Pd
seed and Ta seed sample even when the grain size and rough-
ness values are similar as is the case for 70,=0.29 nm.
These results suggest that the random grain orientation
may affect switching properties in nanostructures through
multiple processes: (1) the grain orientation directly affects
the anisotropy of individual grains (and thus, anisotropy dis-
tribution across a thin film) via magnetocrystalline and/or
interfacial anisotropy effects. Additional evidence of this ef-
fect was reported by Lau ef al.'* who identified nanostruc-
tures with lower switching fields statistically contained a
“trigger” grain with an orientation that deviated from (111)
and (2) the grain orientation affects the film morphology,
grain size, and roughness, which is consistent with previous
work by Przybylski et al'® that showed different growth
modes as a function of orientation. By definition, roughness
represents a lateral inhomogeneity in the thin film and would
be expected to increase inhomogeneity of the magnetic prop-
erties. The grain size, however, would influence the switch-
ing properties via a statistical process. Since a nanostructure
contains a finite number of grains, the smaller the grains, the
more averaging of the magnetic properties occurs. This is
why the SEDs are seen to increase as the diameter of the
nanostructure decreases; larger structures average over all
the possible variations in grain properties whereas small
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structures are dominated by the properties of only a few
grains. As a result, larger grains would be expected to pro-
duce larger SFDs since nanostructures would contain fewer
grains. As an example, a 50 nm nanostructure would ideally
contain 11 grains of size 15 nm but only 2-3 grains of size
30 nm significantly reducing averaging effects.

Finally, while the defects and/or properties which control
both Hyr and SFDs in nanostructures cannot be fully sepa-
rated, we clearly show strong evidence that grain orientation
directly affects local anisotropy distributions, as well as in-
directly affecting the magnetic properties of nanostructures
by means of roughness and/or grain size. The picture is fur-
ther complicated since effects of edge damage from the ion-
milling process are not considered.?* However, while such
effects complicate quantitative modeling, the edge damage
effects will be the same for all samples studied in this work
allowing for comparative analysis. With this in mind, it is
reasonable that all of these factors contribute and may have
greater or lesser influence depending on the thickness re-
gime. However, our data clearly indicates that generating a
homogenous distribution of grain orientation results in a sig-
nificantly more predictable anisotropy and lower distribution
of anisotropy fields in nanostructures.

IV. CONCLUSIONS

We have shown that grain orientation plays a significant,
if not dominant, role in controlling anisotropy distributions
in perpendicularly magnetized Co/Pd nanostructures. Com-
parison of nominally identical samples with a highly textured
microstructure relative to those with a random grain orienta-
tion shows a strong correlation of the microstructure to the
anisotropy and SFDs. We have shown that the microstructure
can be substantially altered with the use of seed layers. In the
case of a Pd seed, the microstructure is highly random in
crystallographic orientation whereas a highly (111)-textured
structure is produced from a Ta seed layer. A resulting de-
crease in anisotropy distributions is achieved with such a
(111) texture, which was shown to produce a more laterally
consistent Co/Pd interface. In this case, the thickness depen-
dence of the anisotropy shows a strong interfacelike contri-
bution to the perpendicular component. Finally, no differ-
ences in amount of Pd polarization were observed despite the
changes in microstructure.
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