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We examine highly stable perpendicular magnetic anisotropy (PMA) features of
[Co/Pd]10 multilayers (MLs) versus Pd thickness at various ex-situ annealing temper-
atures. Thermally stable PMA characteristics were observed up to 500 ◦C, confirming
the suitability of these systems for industrial applications at this temperature. Experi-
mental observations suggest that the choice of equivalent Co and Pd layer thicknesses
in a ML configuration ensures thermally stable PMA features, even at higher anneal-
ing temperatures. X-ray diffraction patterns and cross-sectional transmission elect-
ron microscopy images were obtained to determine thickness, post-annealing PMA
behavior, and to explore the structural features that govern these findings. C 2015 Au-
thor(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4913997]

I. INTRODUCTION

Perpendicular spin-transfer torque magnetic random access memories (p-STT MRAMs) have
garnered considerable interest as alternatives to conventional memories due to a fast write time of
∼10 ns, non-volatile memory characteristics, and extremely low power consumption.1–3 However,
one goal in the development of p-STT-MRAMs beyond a feature size of 20 nm is to meet the de-
mands of device performance, including a high tunneling magnetoresistance ratio (TMR) of 150%,
a low critical current density (JC) of 4.7 MA/cm2, and a good thermal stability (∆ = E/kBT) of 74.
Here, E = KeffV is the energy barrier, MS is the saturation magnetization, Hk is the anisotropy field,
Keff is the effective perpendicular magnetic anisotropy (PMA) energy density, V is the volume of the
magnetic layer, kB is the Boltzmann constant, and T is temperature.3,4 In particular, a perpendicular
magnetic tunnel junction (p-MTJ) suitable for PMA characteristics is a key factor to obtain a low JC
and a high thermal stability, which cannot be achieved with in-plane MTJ (i-MTJ).3

A variety of PMA systems including an L10 alloy, multilayers (MLs), and rare earth-transition
metal (RE-TM) alloys have been extensively employed to yield outstanding PMA performance.5–8

Among them, artificial ML matrices composed of ferromagnetic and noble metals, such as Co/Pd,
Co/Pt, Fe/Pd, and Fe/Pt, have shown that ML matrices are promising candidates for use in
p-MTJs.4,9–12 Alternating two ultra-thin layers with different thicknesses in the ML matrix per-
mits appreciable tuning of magnetic characteristics and yields strong PMA features. These PMA
properties may originate from possible interface spin-orbit coupling between ferromagnetic/noble
metals.13,14 However, one hurdle still remains to improve the PMA characteristics in a ML matrix,

aAuthor to whom correspondence should be addressed; electronic mail: jphong@hanyang.ac.kr

2158-3226/2015/5(2)/027137/7 5, 027137-1 ©Author(s) 2015

http://dx.doi.org/10.1063/1.4913997
http://dx.doi.org/10.1063/1.4913997
http://dx.doi.org/10.1063/1.4913997
http://dx.doi.org/10.1063/1.4913997
http://dx.doi.org/10.1063/1.4913997
http://dx.doi.org/10.1063/1.4913997
http://dx.doi.org/10.1063/1.4913997
http://dx.doi.org/10.1063/1.4913997
http://dx.doi.org/10.1063/1.4913997
http://dx.doi.org/10.1063/1.4913997
http://dx.doi.org/10.1063/1.4913997
http://dx.doi.org/10.1063/1.4913997
http://dx.doi.org/10.1063/1.4913997
http://dx.doi.org/10.1063/1.4913997
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
mailto:jphong@hanyang.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4913997&domain=pdf&date_stamp=2015-02-27


027137-2 An et al. AIP Advances 5, 027137 (2015)

namely, limited annealing stability.11,12 The low annealing stability of PMA properties may be
related to unknown structural stress or interfaces between ferromagnetic and metal layers. There-
fore, much effort has been dedicated towards ensuring annealing stability in p-MTJs that can be
operated at more than 400◦C for a wide range of applications, such as high-density and low-power
p-STT MRAM devices.3

Therefore, in this letter, we present the correlation between Pd metal thickness and PMA fea-
tures of [Co/Pd] MLs at annealing temperatures ranging from 200 to 500◦C. The Pd thickness was
varied from 0.1 to 0.9 nm to achieve thermally stable features at a fixed Co thickness. The magnetic
and structural characteristics were analyzed by utilizing vibrating sample magnetometer (VSM),
X-ray diffraction (XRD), and high-resolution transmission electron microscopy (HR-TEM) sys-
tems. In order to clarify Pd thickness-dependent structural characteristics under various annealing
temperatures, the structural features underlying the experimental findings are discussed.

II. EXPERIMENTAL

Various samples with a stack sequence of Ta (3)/Ru (5)/Pd (3)/[Co(tCo)/Pd (tPd)]10/Pd (3) were
prepared on a thermally-oxidized Si substrate, where the numbers in parentheses reflect the nominal
thickness in nanometers. A Ta/Ru/Pd seed layer was selected for crystal orientation in this work.
Dual DC and RF magnetron sputtering systems with a base pressure below 2 × 10−8 Torr were used
for the growth of all samples. The thickness of Pd (tPd) was varied from 0.1 to 0.9 nm with fixed
Co layers of 0.1, 0.2, and 0.3 nm in thickness. In this work, the [Co (0.1)/Pd (tPd)]10, [Co (0.2)/Pd
(tPd)]10, and [Co (0.3)/Pd (tPd)]10 samples with 0.1, 0.2, and 0.3 nm thick Co layers are referred
to as the 0.1, 0.2, and 0.3 series, respectively. All samples were annealed at different temperatures
ranging from 200 to 500◦C under a 30-kOe magnetic field for an hour, where the base pressure in
the annealing system was below 10−6 Torr. The effective PMA energy density (Keff ) was estimated
from the enclosed area of the M-H curves measured using a VSM between the out-of-plane and
in-plane hysteresis loops with respect to the sample plane, where M and H represent magnetization
and applied magnetic field, respectively.9,10

III. RESULTS AND DISCUSSION

The dependence of Keff on the Pd thickness of three different series is plotted in Figure 1, in
which the annealing temperatures were at first varied from 200 to 350 ◦C. All the samples showed

FIG. 1. Effective magnetic anisotropy (Keff ) and saturation magnetization (MS) of 0.1 (a, d), 0.2 (b, e), and 0.3 (c, f)
series samples as a function of Pd thickness. The annealing temperatures were varied from an as-grown state to 350 ◦C. As
determined from the summarized curves, an enhanced Keff appears at an equivalent thickness (dashed lines) of Co and Pd
layers in all sample series, regardless of annealing temperatures.
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a magnetic easy axis direction normal to the sample plane, demonstrating the presence of enhanced
PMAs up to 350 ◦C in our ML matrix (not shown in this figure). Figure 1(a) reveals the summarized
Keff of [Co (0.1)/Pd (tPd)]10, i.e., the “0.1 series.” As seen from this figure, the maximum Keff of
3.8 Merg/cc was obtained at tPd = 0.2 nm in the as-deposited state (black dots). An increase in
annealing temperature (Ta) causes a rapid reduction in the Keff . In particular, at Ta = 350◦C (green
dots), the maximum Keff was 2.3 Merg/cc at tPd = 0.1 nm, suggesting that similar Co and Pd
thicknesses are required for annealing stability. For the 0.2 series, the maximum Keff of 3.7 Merg/cc
was observed at tPd = 0.2 nm in the as-deposited states, and decreased to 2.9 Merg/cc nm under
Ta = 350 ◦C, as shown in Fig. 1(b). For the 0.3 series, a similar trend with respect to tpd was
revealed. The tpd = 0.3 nm thickness showed a maximum Keff of 3.6 Merg/cc at Ta = 350 ◦C, as
shown in Fig. 1(c). Thus, these experimental findings demonstrate that high annealing stability is
achieved when the same thickness is chosen for both Co and Pd layers in the MLs. Figures 1(d),
1(e), and 1(f) display the saturation magnetization (MS) with increasing Pd thickness in each series.
The MS value increases as the Co thickness increases. The red dotted lines in each figure represent
the equation MS = M0 · tCo/(tCo + tPd), where the M0 is the saturation magnetization limit when
the Pd thickness is zero. The M0 values were estimated to be 1500, 1600, and 1700 emu/cc for the
0.1, 0.2, and 0.3 series, respectively. These M0 values are large compared with the bulk MS value for
Co (∼1400 emu/cc), which seems to originate from the Co orbital moment contribution.11 In partic-
ular, compared with those of the 0.2 and 0.3 series, the magnetic properties of all 0.1 series samples
deteriorated as the annealing temperature increased, as shown in Figs. 1(a) and 1(d). In general, the
origin of PMA is expected to result from spin-orbit coupling at the clean interface between ferro-
magnetic and non-magnetic materials. However, the thin Co layer in the 0.1 series is highly suscep-
tible to surface damage during sputtering of the upper Pd layer, as demonstrated for other Co/Pt
ML configurations.11–14 On the other hand, the 0.2 and 0.3 series with thicker Co layers are more
tolerant of the sputtering influence of the upper Pd layer. As a result, the saturation magnetization of
the 0.2 and 0.3 series increases as annealing temperature increases, as shown in Figs. 1(e) and 1(f).

Figure 2 shows the representative in-plane (black squares) and out-of-plane (red circles) normal-
ized M-H loops of four as-deposited and annealed samples: [(tCo, tPd) = (0.2,0.2: Sample A), (0.2,

FIG. 2. Normalized in-plane (black) and out-of-plane (red) M -H hysteresis loops of Samples (a) A (0.2,0.2), (b) B (0.2,
0.5), (c) C (0.3, 0.3), and (d) D (0.3. 0.7) annealed at temperatures ranging from as-deposited to 350 ◦C for an hour under 3
Tesla. The M -H behaviors of Samples B and D reveal the relatively enhanced HC and deteriorated PMA features with an
increase in annealing temperature.
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0.5: Sample B), (0.3, 0.3: Sample C), and (0.3, 0.7: Sample D)]. The H-field was scanned from -20
to 20 kOe. The samples tested here exhibited two types of behavior, which differed slightly in the
remanence ratio and in-plane saturation field (HK). Figures 2(a) and 2(c) exhibit the relatively stable
PMA features of Samples A and C, which have equivalent Co and Pd thicknesses. An increase in an-
nealing temperature up to 350 ◦C did not affect the remanence ratio and HK significantly for Samples
A and C. In contrast, as shown in Figs. 2(b) and 2(d), the remanence ratio and HK of samples B and
D were reduced from about 97 % to ∼80 % and from 14 kOe to 10 kOe at Ta = 350 ◦C, respectively.
The reduction of HK results in a small Keff value during annealing, as shown in Figs. 2(b) and 2(d).
In addition, the remarkable variation in coercive field (HC) with annealing temperature in Samples
B and D indicates the possibility of structural instability.15

Thus, in order to further validate the structural variation in the MLs, HR-XRD analyses of
as-grown and annealed Samples A, B, C, and D at 350 ◦C were conducted. The results are shown
in Figure 3. All the samples exhibited a (111) crystal orientation normal to the film plane in the 2θ
region around 40◦. However, as shown in Fig. 3(a), as-grown Samples A and C showed rather broad
and low intensity peaks at around 40.65◦ (black dashed line) and 40.90◦ (blue dashed line), respec-
tively, along with shoulder peaks that were normally detected in MLs. In addition, a relatively larger
Co content initially present in Sample C provided a larger 2θ angle than Sample A. Samples B and
D containing thick Pd layers revealed peak shifts toward lower angles of around 40.43◦ (red dashed
line). These peak shifts are likely due to the crystal lattice expansion of the [Co/Pd] multilayer in

FIG. 3. Out-of-plane XRD θ-2θ patterns for Samples A (0.2, 0.2; black), B (0.2, 0.5; red), C (0.3, 0.3; blue), and D (0.3, 0.7;
pink) in (a) as-deposited state and (b) annealed at 350 ◦C.
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order to match the lattice of the Pd layer. Annealing at 350 ◦C revealed sharp and strong CoPd (111)
peak intensities without showing the presence of shoulder peaks and shifts, as shown in Fig. 3(b).
These observations may reflect the presence of an alloy-like phase arising from atomic intermixing
after annealing.

Since the MLs containing the same thicknesses of Co and Pd revealed highly promising PMA
stability, further higher annealing ranging from 450 to 500 ◦C was also conducted. Figure 4 shows
the individual M-H curves and out-of-plane XRD peaks of Samples A, B, C, and D after anneal-
ing. The PMA properties of Samples A and C (Figs. 4(a) and 4(c), respectively) remained up to
450 ◦C, and Keff values of 3.28 Merg/cc and 2.95 Merg/cc were maintained for Samples A and C
after 500 ◦C annealing, respectively. However, samples B and D (Figs. 4(b) and 4(d), respectively)
deteriorated at 450 ◦C, reflecting deteriorated PMA features. On the other hand, XRD analyses for
all the annealed samples (Figs. 4(e) and 4(f)) indicated enhanced peaks without significantly ex-
hibiting peak shifts compared with those of as-deposited samples. Therefore, we expect that higher
annealing stability might be governed by initial structural formation that will be discussed later.

Since annealing stability strongly relies on structural characteristics,4,7,11 more structural inves-
tigations were carried out. Figure 5(a) reveals rocking curves with the corresponding full-width
at half-maximum (FWHM) for each CoPd (111) orientation for Samples A, B, C, and D in the
as-deposited state and after annealing at 500 ◦C. Samples A and C displayed better crystal orien-
tation qualities than Samples B and D in the as-deposited state. These initial as-grown structural
enhancement of Samples A and C were also maintained even in annealed states. When as grown
Samples B and C were compared, the structural features seemed to be similar to each other, but
the PMA characteristics of Samples B and C were strongly affected after annealing process, as
shown in Figs. 1(b) and 1(c). Thus, since it is widely believed that the Co/Pd intermixing or Pd
diffusion is one of the main factors for PMA degradation during annealing process,16 we expect
that the PMA degradation of Sample B under annealing may arise from the easy Co/Pd intermixing
event or Pd diffusion phenomenon from the buffer and capping layers due to the similar lattice
constants between the [Co/Pd] MLs and the Pd buffer/or capping layer. However, equivalent Co
and Pd thicknesses used in the MLs may suppress the atomic intermixing or Pd diffusion event

FIG. 4. M -H hysteresis curves of Samples (a) A (0.2,0.2), (b) B (0.2, 0.5), (c) C (0.3, 0.3), and (d) D (0.3. 0.7) annealed
at 450 ◦C (top) and 500 ◦C (bottom) displaying the clear appearance of PMA characteristics. XRD patterns for each samples
annealed at (e) 450 ◦C and (f) 500 ◦C.
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FIG. 5. (a) Rocking curve plots of Samples A (0.2,0.2), B (0.2, 0.5), C (0.3, 0.3), and D (0.3. 0.7) measured along the CoPd
(111) orientation for an as-deposited sample and a sample annealed at 500 ◦C. Cross-sectional TEM images of (b) Sample C
(0.3,0.3) and (c) Sample D (0.3, 0.7) annealed at 500 ◦C.

under annealing, resulting in the preservation of PMA behavior up to 500 ◦C in Sample C. Fig-
ures 5(b) and 5(c) show the TEM analyses for Samples C and D annealed at 500 ◦C, respectively.
As seen in these figures, Sample C showed a single-like alloy phase, while Sample D exhibited
poly-crystalline properties with clear grain boundaries. Furthermore, interfaces between the CoPd
and Pd seed/capping layers in Sample D were not clearly observed, while clear interfaces between
them were obtained in Sample C. The above structural observations suggest that the [Co/Pd] MLs
containing a thick Pd layer was highly susceptible to low annealing stability. The relationship
between the annealing temperature and magnetic/structural features of Co/Pd MLs still remains a
challenge since our results are inconsistent with the observations of other groups, in which different
Co and Pd thicknesses were frequently used in the MLs.4,14,16 Therefore, more detailed studies are
necessary to clarify the structural characteristics in ML configurations.

IV. CONCLUSIONS

In conclusion, we report thermally stable PMA features of Co/Pd MLs exhibiting 3 Merg/cc
even after 500 ◦C annealing, reflecting a highly promising candidate for the realization of high
performance devices. Structural and magnetic features were systematically examined, along with
a structural nature that can possibly develop under annealing. Our experimental observations sug-
gest the use of the same Co/Pd thickness in a [Co/Pd] ML for higher PMA features. The reason
for improvement in PMA features was possibly the presence of an alloy-like-ordered structure by
suppressing atomic intermixing and Pd diffusion during annealing. We anticipate that the ability to
improve the PMA performance even at a higher annealing temperature will meet the demands of
stable STT-MRAM devices.
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