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The c-axis oriented hcp-Cogylrjg magnetic films were prepared on different seed layers (Ni, Cu, Ir, Pt, Au, and
No seed). We systematically investigated the impact that surface-free energy and strain energy have on the orientation and
defects and/or internal stress of the grains by increasing the lattice mismatch ratio. Moreover, the initial permeability and the
natural resonance frequency were discussed in great detail using a comparison between calculated values and experimental
values. We found that the almost unchanged 47M; and ; are not affected, while the changed He, intrinsic Kgp,in, and f;
are strongly dependent on the seed layer and seed layer material. Moreover, the extracted damping constant is sensitive
to the defects and/or internal stress and orientation of the grains. Therefore, the soft magnetic properties and microwave
properties are adjusted and optimized by seed layers with different materials.

Keywords: seed layers, magnetic anisotropy, surface free energy, soft magnetic thin films

PACS: 77.55.Px, 75.30.Gw, 34.20.-b, 75.70.—1

1. Introduction

Soft magnetic thin films (SMTFs) are widely investi-
gated and highly desired for practical applications, such as mi-
crowave absorbers, inductors, micro-transformers, exchange-
coupled composite media, and near field electromagnetic noise
absorbers. 21 In practical application, SMTFs have to possess
the basic demands including high saturation magnetization M,
low coercivity H., high permeability, and high natural reso-
nance frequency (f;) as far as possible. Fe- and Co-based soft
magnetic films exhibit excellent saturation magnetization, low
coercivity, and high electrical resistivity.[>* Their microwave
properties are governed by the following equation in the bian-
isotropy model: !

47M
H,

=1+ fi= %\/Hu (475Mq *ngain) , (D

where (; and f; are the initial permeability and the natural
resonance frequency, respectively. 7 is the gyromagnetic ra-
tio.  Hgpain = 2Kgrain /M is the effective magnetocrystalline
anisotropy field with the corresponding magnetocrystalline
anisotropy constant Kgrin. According to our previous work, [l
oriented hcp-Colr SMTFs with a certain Ir content have the
effective negative magnetocrystalline anisotropy. It is clear
that negative Ky, can increase f; without affecting y; from
Eq. (1). Moreover, magnetic moments are strictly restricted in
the film plane by negative magnetocrystalline anisotropy. So,
the oriented hcp-Colr film can have sufficient thickness to ob-
tain enough magnetic flux signal in practical uses of magnetic
devices.

fCorresponding author. E-mail: wtao@Izu.edu.cn
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The metal seed layers between the substrate and the mag-
netic film, such as Ta/Pt/Ru, Ti/Au, and Ta/Ru, have made
a highly oriented hcp-Colr film.!%”] The higher oriented tex-
ture of Colr films has a smaller negative magnetocrystalline
anisotropy as the Cu or Cu/Ru seed layers can increase the
perpendicular magnetic anisotropy of CogoPtag films. ¥ More-
over, good soft magnetic properties have also been obtained,
namely, the seed layer is effective to reduce H, without affect-
ing M. Studies have reported that Co, Cu, and Ru seed layers
make FeCo films magnetically softer.) Simultaneously, the
high-frequency properties determined by the static magnetic
parameters are also improved by using a seed layer, such as
Feg5Co35 thin films with Ru and Rh seed layers.['” In high-
frequency practical applications, the magnetic damping con-
stant o is also a key parameter and varies a bit with the choice
of seed layer.!'] With the extrinsic contribution, the lower
o value is associated with less magnetic inhomogeneities.!!!!
And the intrinsic contribution is relative to fundamental prop-
erties such as M.['?] In other words, epitaxial growth induced
by a seed layer is the most efficient method to form a higher
orientation and make the films magnetically softer and to im-
prove high-frequency properties.

Colr grains with strong negative magnetocrystalline
anisotropy have an hcp structure. As mentioned above, the
hcp-Ru (002) and fcc-Au (111) seed layers were used to in-
duce the c-axis orientation of Colr grains. Although the fcc-
(111) plane of Ni, Cu, Ir, and Pt is similar to the hcp-(002)
plane of Colr, the seed layers of these metals have not been
studied for Colr SMTFs. Moreover, lattice mismatch ratios
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have a tremendous influence on the crystallographic quality of
epitaxial thin films''>!%! (e.g., magnetic film’s stress state and
texture formation). Therefore, in order to investigate and un-
derstand the effects of other material seed layers and lattice
mismatch ratios on the Colr magnetic layer, we used the fcc-
(111) Ni, Cu, Ir, Pt, and Au seed layers to induce the oriented
hcp-Colr thin films with the c-axis of grains perpendicular to
the film plane. We studied the effects of different seed layers
on microstructure, soft magnetic properties, and negative ef-
fective magnetocrystalline anisotropy. Besides the static mag-
netic properties, dynamic studies were performed using field
sweep ferromagnetic resonance (FMR) measurements and the
damping constant affected by seed layers was studied through
a vector network analyzer (VNA).

2. Experiment

All magnetic thin films studied in this work were pre-
pared by the DC magnetron sputtering technique, which
is similar to our earlier work with a layered structure of
substrate/Ti/M/Colr (M = Ni, Cu, Ir, Pt, Au, none) as shown
in Fig. 1(a). A Si wafer with surface oxidation was used as
the substrate, and the amorphous Ti layer (8 nm) was de-
posited on the substrate in order to provide a clean and flat
surface. The oriented seed layer M (Ni, Cu, Ir, Pt, Au) of
about 25 nm was grown on the Ti layer to help the Colr mag-
netic layer reach about 50 nm. Compared with other films,
the film was fabricated without a seed layer between the Ti
layer and the magnetic layer. When fabricating the Ti and seed
layers, purity Ar was used as the sputtering working gas at a
pressure of 0.25 Pa. Then under the condition of 0.3 Pa pu-
rity Ar, Colr magnetic layers were sputter deposited using a
Co target with five Ir chips symmetrically placed on the Co
target. About 10 cm away from the targets, the substrates
were mounted on the center of the sample turntable. Chemical
composition has been characterized by energy dispersive spec-
trometry (EDS). The crystalline structures were studied us-
ing the x-ray diffraction technique (XRD). The morphologies
were observed by transmission electron microscopy (TEM).
The static magnetic properties were measured with a vibrating
sample magnetometer (VSM). Total out-of-plane anisotropy
fields and the effective negative magnetocrystalline anisotropy
were thoroughly investigated by electron spin resonance mea-
surements (ESR). The damping constants for all films were
thoroughly investigated by a VNA.

3. Results and discussion

Schematic diagrams of the hep-Colr (002) plane and fcc-
M (111) plane are shown in Fig. 1(b). Half of the regular
hexagon is seen on both the hcp-Colr (002) plane and the fcc-
M (111) plane, suggesting that lattice mismatches come from

the difference in inter-atomic distance. The inter-atomic dis-
tances of fcc-(111) Ni, Cu, Ir, Pt, and Au are 2.49 A, 2.55 A,
272 A,2.77 A, and 2.88 A, respectively. The lattice mismatch
ratios are about —0.81%, 1.59%, 8.37%, 10.36%, and 14.74%
for the lattice spacing of hcp-Co (002) of ~ 2.51 A.

(a)

(002) Colr

~ a

ay=2.49, 2.55, 2.72, 2.77, 2.88 A ¢=2.51 A

Fig. 1. (a) Schematic of the layer structure of our samples. (b) The crystal
structures of fcc-(111) Ni, Cu, Ir, Pt, Au, and hep-Colr(002), half of the regu-
lar hexagon on M (111) plane and Colr (002) plane are marked with red dotted
lines.

XRD patterns of the samples measured with a 6—260scan
are shown in Fig. 2(a). Only two diffraction peaks correspond-
ing to the M (111) plane and the Colr (002) plane can be
seen. For the sample without a seed layer, only Colr (002)
has a diffraction peak. Obviously, the intensity of the M (111)
peak gradually increases and the position shifts to low 26 be-
cause of the enlargement of the lattice parameters from Ni to
Au. With the lattice mismatch ratio, the positions of the Colr
(002) peak show no obvious changes, and the intensity first
showed small changes, then rapidly became strong and sharp.
However, for the film without a seed layer, there is a signif-
icant right drift of the Colr (002) peak, which indicates that
the lattice constant of the Colr phase becomes small. The
smaller lattice constant results from the decreasing number
of Ir atoms successfully entering the crystal structure of hcp-
(Colr). Meanwhile, the Colr (002) peak gets broader and its
intensity becomes weaker. Therefore, the films with a seed
layer are more textured along the c-axis alignment than the
film without a seed layer. And the degree of orientation im-
proved by increasing the lattice mismatch ratio. However, the
intensity of the Colr (002) peak for the Au seed layer film is
about 11 times that of the Ni seed layer film, which is inex-
plicable. As shown in Fig. 2(b), we plot the crystal c lattice
parameter and FWHM determined from the profile fit to the
Colr (002) peak. One can see that ¢ shows little change with
the exception of the first one. The mean value of 0.4125 nm
is about 0.13% larger than that of the first ¢ parameter, which
has been explained previously. Moreover, the values of the
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FWHM increase from 0.31 for the Ni seed layer film to 0.35
for the film with an Ir seed layer, then inversely reach 0.28 for
the Au seed layer film. Obviously, the value of the no-seed
layer film becomes about 1.4 times larger than that of the Au
seed layer film. The smaller FWHM of the magnetic layer
can be caused either by the reduction in defects and/or internal
stress or by the increased crystallite size of the film or both of
the reasons above.[!> In Fig. 3, we present the images of the
morphology of the Colr films with Au and Ni seed layers from
TEM measurements. For the Au seed layer film, the grain size
is uniform and grain boundaries are distinct, whereas the size
of the crystallization areas is uneven and there are no clear
boundaries for the Ni seed layer film. Significantly, the figure
showing the Ni seed layer film reveals the mixing of crystal-
lite regions and amorphous regions, which provides an expla-
nation for the large peak intensity ratio. Moreover, Co and Ir
atoms may reside at the interstitial site or fill in the interspace
between individual grains, which may lead to an increase in
defects and/or internal stress.

Intensity

T
0.4126F © — @
. — | ] | | ]
I \ / 10.40
0.4124 —m—c = >
B =
£ 04122f e 1035 &
© B o N E
0.4120 - "
-o- FWHM = 10:30
0.4118} | , , , , ,
Noseed Ni Cu Ir Pt Au

Seed layer

Fig. 2. (a) XRD patterns of the oriented hcp-CogIrjg films with differ-
ent seed layers. (b) Lattice parameters c and FWHM, obtained by fitting
the Colr (002) peak shown in panel (a), with different seed layers.

Fig. 3. Images of the morphology of the Colr films with Au and Ni seed
layers, respectively.

The in-plane magnetic hysteresis loops of all the films
are shown in Fig. 4(a). These loops were measured with the
applied magnetic field parallel to the easy axis during mea-
surements. The remanence ratios of all loops are above 0.92
and the nearly rectangular loops are clearly observed. Further-
more, the determined saturation magnetization 47wM; and co-
ercivity H, from the above hysteresis measurements are plot-
ted in Fig. 4(b). There are no obvious changes in 47wM; about
12.4 kQOe for the Colr magnetic layer, which agrees well with
reported values.!”! For the Ni seed layer film, 47M of only the
Colr magnetic layer is 12.8 kOe as shown in Fig. 4(b), whereas
the saturation magnetization containing both a Ni seed layer
and Colr layer is about 10.7 kOe. With increasing the lat-
tice mismatch ratio, H; increases from 54.9 Oe for the Ni seed
layer film to 74.3 Oe for the film with a Cu seed layer, then de-
creases gradually to 27.4 Oe. The reduction in coercivity can
be linked drastically to the reduction of defects and/or internal
stress, [1] the reduction of the crystallite size, and the increase
in exchange coupling between the crystallites.!!” Consider-
ing that the tendency of H, is similar to that of the FWHM
with the lattice mismatch ratio, we speculate that the main
reason for the change in H. and FWHM is the same. As is
known, the change in crystallite size may cause the opposite
tendency of the FWHM and coercivity. Therefore, the change
in H, and FWHM may be mainly attributed to the reduction of
defects and/or internal stress with the lattice mismatch ratio.
For the film without seed layer, the value remarkably reaches
103.5 Oe about 3.8 times larger than the smallest one. This
very large value may come from many defects and/or strong
internal stress and/or the large in-plane component of the mag-
netocrystalline anisotropy field.

1.OF T

0.5

M/ M,

eI

—10 ] 1 1 |
—200 —100 0 100 200
H (Oe)
FT T T T T ]
13k * (b) {100
Tt —" {90
© ' 180 —~
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z 12 R NY 170 &
w \\ 7 ~o. ;60 \j
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Y ] 30
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Seed layer

Fig. 4. (a) Normalized in-plane magnetic hysteresis loops of the ori-
ented hcp-Cogilrjg films with different seed layers. (b) The seed
layer dependence of the determined 47M; and H, for the oriented hcp-
CogIryg films.
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As emphasized in our earlier work, ! we now investigate
the magnetic anisotropy properties of our films using ESR
measurements. The resonance fields were measured with an
external magnetic field applied to the film plane. The mi-
crowave magnetic field of about 9 GHz was applied perpen-
dicular to the film plane. As shown in Figs. 5(a)-5(f), the
resonance fields of all films display a well-defined in-plane
uniaxial symmetry as a function of field orientation ¢y, sug-
gesting the samples have an in-plane uniaxial anisotropy. '8!
The uniaxial anisotropy is induced by the slight oblique de-
position angle, and can be explained within the framework of
the so-called self-shadowing model.['”) Taking H, and Hy as
adjustable parameters, we fitted the experimental data by the
following equations: 2]

2
(Z’)) = [Hg + Hy cos® go + Hy.cos(9o — )|

X [Hycos (2¢0) + H-cos(¢o — ¢n)],
2H,sin(¢y — ¢p) = Hy sin2¢y, 2)

where Hy is the total effective out-of-plane anisotropy field,
H, is the resonance field, ¢y is the value of ¢, with the equilib-
rium positions, ® is the angular frequency of about 187, and
Y is the gyromagnetic ratio. The fitted results are consistent
in the measured datum and drawn in Figs. 5(a)-5(f) as black
solid lines. The extracted in-plane uniaxial anisotropy fields
H, are shown in Fig. 5(g) as open black squares. Obviously,
H, changes slightly around 18 Oe because of the slight oblique
deposition angle. For Hg shown in Fig. 5(h), the deduced val-
ues increase from 10.9-26 kOe with the lattice mismatch ratio,
whereas they reduce to 23.2 kOe for the film without a seed

931 (a) Ni 7 24 H(8) -
20 Fitting li B ]
[ g line| __ N ol
87 e Exp values-| £ 21 /
ST R R Rl AN RN B O A = ;T
69 (b) Cu 1 =180 0 ! /]
66 T [ Y / 1
[ 15 S oo .
63 W I N -~ 1
R S EE N B R [ E R N SR
63 (c) Ir 7 r(h) A
o 60 W".‘ ~ 25 jA Y B /’j
L i - %
é 57 P R N O | 9 20 \\ ¢ P A 1
= 51[(d) Pt 4 3 T -
i 48 W T o A 7
| 7
[ H v J
45 v v v v v o~ 10 N
[ (e) Au 4 g r(i)
2l S SN ]
39 i R ]
36H_ 1 4 1 111N o L/ N
F (f) No seed 4+ / — grain =\ -
45 ?.( ) No seec - i \:«_ Y - K& # .
a2} > 4 E-6[ ]
gl v 11 i _g I L I I
0 60 120 180 Noseed Ni Cu Ir Pt Au
Angle (°) Seed layer

Fig. 5. (a)—(f) Angle dependence of the in-plane resonance field for
the oriented hcp-CoglIryg films with different seed layers. The black
solid lines denote the theoretical fits to the experimental datum repre-
sented by red dots. (g) The determined in-plane anisotropy field H,,
(h) the total effective out-of-plane anisotropy field Hy, (i) the deduced
magnetocrystalline anisotropy constant Ky, as a function of the lattice
mismatch ratios for different seed layers.

layer. For the Ni seed layer film, the corrected Hg is 11.6 kOe
when the perpendicular anisotropy of the Ni seed layer is elim-
inated. According to the equations Hg = 4TMg — Hgpain and
Hgrain = 2Krain /M, the calculated Kgpain is shown in Fig. 5(i).
The values are all negative and different from each other, sug-
gesting that K, is affected by a seed layer and the seed layer
material.

According to the reported literature, %] Kooy is sen-
sitive to the lattice geometry and microstructure, which is
restricted by the growth mode of the magnetic layer. The
growth modes are mainly governed by the seed-layer surface-
free energy ¥, the magnetic layer surface free energy %, the
strain energy 7., and the interface energy %.>3) Except for Ir
(3.231 J-m~2), the surface free energies of Ni (2.364 J-m~2),
Cu (1.934 J-m~2), Pt (2.691 J-m~2), Au (1.626 J-m~2), and Ti
(2.570 J-m~2) are smaller than that of Co (2.709 J-m~2).[24.25]
As the Ir atomic diameter is bigger than that of Co, the lat-
tice constant of the hcp-Colr phase becomes bigger with the
increase in Ir. We speculate that the surface-free energy of Co
is smaller than that of Colr. Furthermore, the 7 for the Ni,
Cu, Pt, an Au seed layer and Ti amorphous layer is smaller
than the 9t of the Colr magnetic layer, whereas the ¥ of Ir
may be slightly greater than the 9 of the Colr layer. Again
taking 7, and 7, into consideration, it is easy to satisfy the re-
lationship % — % — % — % < 0. Therefore, the deposited mag-
netic layer forms three-dimensional islands or clusters at the
initial stage, then the following growth has the trend of ran-
dom orientation distribution and rough surface. As reported
in the literature, 20! defects and/or internal stress and/or dislo-
cations may appear at the interface. However, with increas-
ing the lattice mismatch ratio, the mismatch strain between
the seed layer and the magnetic layer varies from compres-
sive stress to tensile stress, and tensile stress gradually be-
comes larger. In order to relieve the mismatch strain, the
degree of the orientation of the hcp-Colr grains may be im-
proved, the microstructure and appearance may be changed,
the defects and/or internal stress may be reduced, the crystal-
lite width may be refined, and dislocations may be decreased.
We find that the main contribution is both the increasing de-
gree of orientation and the reduction in defects and/or internal
stress so that it is consistent with the reason for decreased H,
and FWHM values. The reduced strain energy 7% is favor-
able to the layer-by-layer growth of the magnetic layer. Dur-
ing the growth process, the layer-by-layer growth is conducive
to improving the degree of the orientation and to reducing
the defects and/or internal stress;[27! hence, a smaller Korain
is obtained. Apart from these, the different stacking struc-
ture ratios and crystallinity and atomic site ordering can also
be linked drastically to Kgrain.lZIJ For the Ni seed layer film,
amorphous regions appear as shown in Fig. 3. And it is dif-
ficult to form the hcp-Colr phase with an easy plane and to
improve the degree of orientation because the Ni (111) direc-
tion perpendicular to the film plane is an easy axis of mag-
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netization; thus, Kgpi, is approximately zero. Despite easily
forming hcp stacking, the film without a seed layer has much
more random orientation grains and defects, holes, and grain
boundaries because of the three-dimensional islands’ growth
and un-epitaxial growth.!?®! Besides, the different seed layer
metals have different seed layer thickness ranges, which yield
the highly c-axis oriented hcp-(Colr) films.[??! The seed layer
thickness of about 25 nm is optimal for Au metal, whereas the
range of the thickness of other metals is not discussed. The
other seed layer fixed at 25 nm thickness may be not con-
ducive to the realization of the c-axis oriented growth and hcp
stacking. Therefore, the Au seed layer film has the minimum
Kgrain of about —5.299 x 100 erg~cm’3.

With parameters determined from the VSM and ESR
measurements, the high-frequency properties are determined
according to Eq. (1). Due to small in-plane uniaxial anisotropy
fields H,, we calculated the initial permeability ,ufalc and the
resonance frequency fU¢ with the in-plane anisotropy field
equaling H, plus a 200 Oe applied field, as presented in

Figs. 6(g) and 6(h). To verify the obtained high-frequency pa-
rameters and research the damping constant, we measured the
microwave permeability spectra of our SMTFs by VNA with
a 200 Oe field applied along the easy axis. Figures 6(a)-6(e)
show the real and imaginary parts of the measured complex
permeability spectra. The determined p™" and fi*" from the
measured spectra are plotted in Figs. 6(g) and 6(h) together
with the calculated values. With the different seed layers, the
change in the initial permeability is not obvious as shown in
Fig. 6(g). The average value is about 58.1 and 59.8 for the
calculated values and experimental values, respectively. Al-
most no changes in the initial permeability are associated with
the steady 47M; and the nearly invariable in-plane anisotropy
field. For the Ni seed layer, the smaller initial permeability
results from the smaller saturation magnetization. The f; "
follows the same trend as that of the calculated £ with dif-
ferent seed layers. This tendency can be understood by the
change in Hg, which has a direct relation to Kgpain.
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160 | (2) TR (8) —n
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Fig. 6. (a)—(f) Permeability spectra of the oriented hcp-Coglryg films with different seed layers. (g) The initial permeability u;, (h) the natural
resonance frequency f;, (i) the derived damping constant « for different seed layers. The uie *P and £ shown as solid black squares are
determined from the measured spectra. The calculated values using the determined 47M; and the in-plane anisotropy field from the VSM and

ESR measurements are also shown for comparison.

In high-frequency applications, the dimensionless damp-
ing constant & is one of the key parameters of ultra-high fre-
quency devices.[*"] Restricted by the damping constant, the
complex permeability spectra can be described by the follow-
ing formula deduced from the Landau—Lifshitz—Gilbert (LLG)
equation3!]

o +iow
00— 0 +ioo(o + )’

in which @; = y(4nMs — Hopain + Hy) = Y(Hg + Hy), @ =

u=1+4zMyy (3)

YH,, where o is the angular frequency and « is the damp-
ing constant. Using the in-plane anisotropy field and o as
the free fitting parameters, we fitted the experimental curves
by Eq. (3) as shown in Figs. 6(a)-6(f). The extracted in-plane
anisotropy fields are 221 Oe, 220 Oe, 220 Oe, 220 Oe, 228 Oe,
and 231 Oe for the Ni, Cu, Ir, Pt, Au, and no seed layer films,
respectively. These values are very close to the extracted Hy
plus 200 Oe applied field. As given in Fig. 6(i), the obtained
aincreases from 0.063 for the Ni seed layer film to 0.075 for
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the film with a Cu seed layer, then decreases gradually to 0.034
for the Au seed layer film. However, the value of the no seed
layer film reaches 0.06, which is about 1.76 times larger than
the smallest one. It is well known that the damping constant
consists of two parts, namely, the intrinsic and extrinsic con-
tributions. The intrinsic part largely depends on fundamental
properties such as M, and the spin—orbit coupling effect.!!!-3]
As M is extremely close to a constant except for in the Ni seed
layer film, this part has no influence on ¢. With the same ori-
gin in spin—orbit coupling,33! the serious fluctuation in Korain
indicates that  is subject to variation. In general, there is
no linear relationship between Kyp,in and o. Besides, the ex-
trinsic part is generally explained by the defect-induced two
magnon model and/or the local resonance model,**! both of
which are associated with magnetic inhomogeneities within
the material (e.g., due to anisotropy dispersion and surface
or interface roughness). As mentioned above, the improved
orientation in the grains and the reduced defects and/or inter-
nal stress result in the decrease in magnetic inhomogeneities.
With increasing the lattice mismatch ratio, a decreasing trend
is shown in both FWHM and «, while the discrepancy is also
obvious. Therefore, the extrinsic part plays a vital role in the
variation in o, and the intrinsic part is also a supplemental
factor. Interestingly, because of the smallest extrinsic part, the
minimum of « is inevitable for the Au seed layer film.

4. Conclusion

In summary, c-axis oriented hcp-CogIri9 magnetic films
were successfully prepared on different seed layers (Ni, Cu, Ir,
Pt, Au, and no seed), and were investigated thoroughly by dif-
ferent measurement techniques. The orientation and defects of
the c-axis oriented hcp-(Colr) grains are strongly affected by
the seed layer. The coercivity He and Ky, are strongly de-
pendent on the seed layer and seed layer material. While the
determined saturation magnetization 47M; and in-plane uni-
axial anisotropy fields H, are independent of the lattice pa-
rameters, microstructure, and material of the seed layer. As
expected, the initial permeability has little relation to the seed
layer, while the natural resonance frequency is strongly re-
stricted through K,y affected by the lattice mismatch ratio.
The extracted lower « is relative to the improved grain orien-
tation and the reduced defects and/or internal stress. Among
all the films, the film for the Au seed layer has the optimal
performance of soft magnetic properties and microwave prop-
erties. We expect that these results can further help us improve
the static and dynamic frequency properties for further appli-
cations.
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