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The effect of the volume fraction of ferromagnetic metal (x) in (Ni75Fe;5)(Zn0O);_, nanogranular thin films on mi-
crostructural, soft-magnetic, and high-frequency properties was investigated. Good soft-magnetic properties were obtained
in a broad x range, with 0.55 < x < 0.82. High resolution transmission electron microscopy (HRTEM) observations reveal
that the grain size of the samples is lower than 14 nm, and that it decreases with decreasing x. Of special interest, our
investigation of the permeability spectra indicates that these films exhibit an adjustable frequency linewidth of resonance
peak, dependant upon changing x. Correspondingly, large and adjustable damping coefficients (¢esr) from 0.023 to 0.043
were achieved by decreasing x from 0.82 to 0.55. Combined with the HRTEM results, the variation of ot.g with x was

analyzed in detail.
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1. Introduction

In pursuit of further miniaturization and higher frequency
operation of magnetic devices such as magnetic recording
heads, planar inductors, and sensors, the study of soft mag-
netic thin films is a persistent interest. The granular films
prepared from ferromagnetic metals (for example, Fe, Co,
Ni, and their alloys) and insulated oxides (SiO,, HfO,, and
Al,03)!'3 integrate high magnetic permeability u, high elec-
trical resistivity p (reducing the eddy loss), and moderate
anisotropy field Hy (determining the frequency range under
which the electromagnetic devices can be operated). For
the application requirements, the study of damping phenom-
ena of the dynamic magnetization is critical for obtaining
the optimum high-frequency magnetic properties and under-
standing the dynamic magnetization process in soft-magnetic
films. The phenomenological Landau-Lifshitz—Gilbert (LLG)
model describes the dynamic magnetization behavior of mag-
netic moment!*!

dM

_—y(MxH)+a<M><

dM
? Mg >a (1)

dr

where 7 is the gyromagnetic ratio, o is a phenomenological
dimensionless damping factor, M; is the saturation magnetiza-
tion, and H is the effective field in the films. The first term
on the right-hand side of the equation describes the procession
of magnetic moment M around the external magnetic field

DOI: 10.1088/1674-1056/24/4/047503

H. The second term is phenomenological in nature and de-
scribes the magnetic energy dissipation.”) The damping fac-
tor o mentioned here is also a phenomenological value and is
decided by the microstructure and the magnetic coupling prop-
erties. So any study of the damping factor, especially of how
to tune «, is very significant for future applications.

Several studies were conducted of the contributions of
different preparation technologies to the damping factor, in-
cluding alternatives for fabricating the underlayer,! fabrica-
tion conditions,®-8! changing the film thickness,”! and mag-
netic field annealing.['") However, studies related to the de-
pendence of magnetization dynamics on the volume fraction
of the ferromagnetic metal in a granular film system are still
lacking. In our work, in a wide x range (the volume fraction
of NiysFeys), ranging from 0.55 to 0.82, good soft-magnetic
properties have been obtained in the (NizsFeps)(ZnO);_,
granular thin films. And high frequency properties are stud-
ied to analyze the dependence of damping properties on the
variance of x. Study results indicate that the large and tunable
damping coefficient Qs can be obtained by adjusting the film
microstructure.

2. Experiment

(Nizs5Fess),(Zn0); —, granular thin films were deposited
on water-cooled glass substrates by rf magnetron sputtering
in a chamber with a base pressure of 6.0x10™* Pa. The
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film thickness was kept constant at about 280 nm by con-
trolling the sputtering time. A pure ZnO target (99.9%) and
an NiysFeys alloy target (99.9%) with the same diameter of
2 in (1 in=2.54 cm) were used during the sputtering. The
Ar gas pressure was maintained 0.12 Pa, and the Ar gas flux
was fixed at 50 SCCM (SCCM donates cubic centimeters per
minute at STP) during deposition. Both targets face the sub-
strate with an incident angle of approximate 30° without an
external magnetic field. The sputtering power for NiysFess
was kept at 100 W, and the volume fractions of NiysFess
were regulated by adjusting the power of ZnO. The powers
of ZnO were 30 W, 40 W, 50 W, 60 W, and 70 W, respec-
tively, and the corresponding measured volume fractions of
ferromagnetic metal (x) were 0.82, 0.74, 0.64, 0.62, and 0.55,
as determined by energy dispersive x-ray spectroscopy (EDS).
Static magnetic properties (saturation magnetization Mg, co-
ercivity H., and in-plane magnetic anisotropy field Hy) were
measured by a vibrating sample magnetometer (VSM, Lake
Shore model 7304). A surface profile meter (Dektak 6M) was
employed to measure the thickness of films. The structure
and microstructure were analyzed by x-ray diffraction (XRD)
with Cu K« radiation and high resolution transmission elec-
tronic microscopy (HRTEM), using a Tecnai-G2-F30 system,
respectively. The microwave permeability measurements were
carried out with a PNA E8363B vector network analyzer using
the shorted microstrip transmission-line perturbation method,
which works from 100 MHz to 5.5 GHz.

3. Results and discussion

Figure 1 shows the XRD patterns of (Ni7sFe;s),(Zn0)_,
granular thin films with different x values. Only one clear
diffraction peak, indexed as face-centered cubic (fcc) NiysFeos
(111) was exhibited. As x decreases from 0.82 to 0.55, the
NiysFeys (111) diffraction peak becomes somewhat broader,
reflecting the decrease of grain size. No diffraction peak cor-
responding to ZnO was found, indicating that the ZnO may be
amorphous.

TEM bright-field micrographs and their selected area
electron diffraction (SAED) patterns of (Ni7sFe;s),(Zn0);_,
granular films with x = 0.55, 0.64, and 0.82 are shown in
Figs. 2(a), 2(b), and 2(c), respectively. The dark area is the
NiysFe,s particles and the bright area corresponds to the ZnO
matrix. It can be seen that as x decreases, the NiysFe,s par-
ticles are gradually wrapped by the semiconductor matrix.
The average particle sizes obtained from HRTEM are about
13.2 nm, 5.7 nm, and 4.5 nm, corresponding to the sam-
ples with x = 0.55, 0.64, and 0.82. The grain size D can
also be calculated through Scherrer’s equation, as is shown
in Fig. 2(d). With decreasing x, D decreases, which is consis-
tent with the results from HRTEM. So it is obvious that the
existence of the ZnO matrix impedes the growth of Ni;sFe,s

particles. The microstructure of (NizsFe;s)(Zn0O);_, granular
thin films satisfies Herzer’s model,[!!] in that the average size
D of magnetic particles is smaller than the ferromagnetic ex-
change length L¢x. An exchange interaction between particles
may take place, which leads to good soft-magnetic properties.
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Fig. 1. XRD patterns of films with different volume fractions x.
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Fig. 2. HRTEM micrographs for typical samples with x = 0.82 (a),
x =0.64 (b), x = 0.55 (c); the variation of mean particle size with x is
shown in panel (d).

Figure 3(a) displays the hysteresis loops measured along
the easy axis and hard axis at room temperature for a sample
with x = 0.64. The hysteresis loop in the easy axis shows good
squareness with smaller coercivity, and the film shows obvi-
ous in-plane uniaxial anisotropy. Figure 3(b) shows the depen-
dence of coercivity (easy axis (Hce) and hard axis (Hcp)) and
saturation magnetization 47Mg upon x. The saturation mag-
netization 47M; increases with increasing x. The H,, remains
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nearly a constant, close to 1.0 Oe (1 Oe=79.5775 A-cm™ ),
while Hg. varies from 5.3 Oe to 0.6 Oe with increasing x.
In addition, the electrical resistivity p, shown in the inset of
Fig. 3(a), increases up to 1370 pQ-cm with x decreasing from
0.82 to 0.55. Because the ferromagnetic metal particles are
isolated, the scattering of conduction electrons increases, lead-
ing to higher electrical resistivity.
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Fig. 3. (a) Hysteresis loops measured along the easy axis and hard axis
for a typical sample of x = 0.64. (b) Volume fraction x dependence of
47tMs, Hee, and Hey, for (NizsFeys)(ZnO);_, granular films. The unit
1Gs=10"*T.

Figure 4 shows the frequency dependence of the com-
plex permeability y = p’ + ip” for samples with different
x values. By solving Eq. (1), one can obtain the complex

permeability!!?)

W' = 1+4ny’ M{(4nM + Hy)
x (1+a?)[@d (1 + a?) — 0*] + (4nM, + 2H, ) (aw)*}
x {[@3 (1 + o?) — 0% + [awy(drM, +2H)])*} !, )
ooy (4nMs + H)* (1 + o) + @?]
(@2 (1+ a?) — 0?2 + [awy(4nM, +2H)]*
3)

Here, wy = y\/lm and Hy is the in-plane uniaxial
anisotropy field. All real and imaginary parts of the permeabil-
ity can be well fitted with Eqs. (2) and (3). The values of M
and Hy are measured by the VSM. The ferromagnetic reso-

u = A4wyMs x

nance frequency (FMR) f; has no obvious change for different

x values. However, Af, the full width at half maximum of
the resonance peak of the imaginary permeability spectra, in-
creases as x decreases from x = 0.82 to x = (.55, as is shown in
Fig. 5 and is generally considered as the results of inhomoge-
neous and the Landau-Lifshitz magnetic damping.!'3-13 The
damping factor Q¢ also shows the similar trend with Af.

10005 p' (measured)
800 A " (m easured)

600 [ —— ' (fitted)
400
O
200
0 B
VA
=200
—400 X |
600

400
200

0
—200

—400
600
400
200

Permeability

—200
—400
200
150
100
50

—50
—100
—150

100

50 &

—50

Frequency/GHz

Fig. 4. Real part g’ and imaginary part " of the complex permeability
of measured and fitted curves for samples with various volume frac-
tions: (a) x = 0.82, (b) x =0.74, (c) x = 0.64, (d) x = 0.62, (¢) x = 0.55.
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Fig. 5. The volume fraction (x) dependence of damping factor ¢ and
frequency linewidth Af.
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As reported previously, ') . is generally divided into
two parts: intrinsic part o, and extrinsic part Olexi, and
Oeff = Qlint + Oext. The Oy contributes to fundamental prop-
erties like the Zeeman transition, crystallographic or mag-
netic structure, while the two-magnon scattering and the lo-
cal anisotropy dispersion contribute significantly to fey..!'®!7!
In our (NiysFess),(Zn0);—_, nanogranular thin films, the mi-
crostructure is changed by tuning x, as is demonstrated
by HRTEM patterns shown in Fig. 2. With decreasing x,
the distance between ferromagnetic nanoparticles increases,
resulting in the occurrence of the interparticle decoupling
effect,['8] which contributes to the dispersion of spins and lo-
cal anisotropy. Thus, Oy, related with the microstructure,
is the primary contribution to the effective damping factor
Oefr, and Ol can be tuned by adjusting the film microstruc-
ture. The Qg of our granular films is bigger than that of most
soft-magnetic films. For comparison, Table 1 summarizes the
effective damping factor o of several films that are good
soft-magnetic films for high frequency applications. It can be
seen that (NizsFeps )(ZnO);_, granular films possess not only
smaller coercivities but also larger damping factors o for a

wide range of x.

Table 1. The effective damping factor o, of several films.

Composition Oleff H./Oe H_.,/Oe Reference
FeCoN 0.007-0.014 3.02-10.9 3.54-6.55 [6]
FeCoSiN 0.007-0.016 6.7-10.5 4.3-5.0 [19]
CoAlO 0.03-0.04 ~22-28 ~7 [20]
FeCoSi/native-oxide 0.026 8.4 - [21]
(CoZr/Si0,);5 0.013-0.017 2.5-7.5 3.7-8.3 [22]
[Fe/SiO, s 0.026-0.07  8-30 7-29 [23]
FeNi—ZnO 0.023-0.043  0.64-5.33 0.02-1.69 present

The large ag indicates that the (NizsFejs),(ZnO);_,
nanogranular thin films are ideal candidates for electromag-
netic shielding applications in the high frequency range.

4. Conclusion

In conclusion of this paper, in a wide x range from 0.55
to 0.82, good soft magnetic properties have been obtained in

(NizsFess)x(Zn0); _, granular thin films. Permeability spectra
of (NiysFeps)(Zn0); _, nanogranular thin films have been an-
alyzed based on the phenomenological LLG equation. Study
results indicate that the large and tunable damping coefficient
Oy can be obtained by adjusting the film microstructure (by
changing x). The dependence of damping factor & upon x re-
sults mainly from the weakened exchange coupling between
NiysFe;s particles.

References
[1] QiuJ, Gong R Z, Feng Z K and Liao J S 2010 J. Alloys Compd. 496
467

[2] Ohnuma S, Kobayashi N, Masumoto T, Mitani S and Fujimori H 1999
J. Appl. Phys. 85 4574

[3] Ohnuma S, Ohnuma M, Fujimori M and Masumoto T 2007 J. Magn.
Magn. Mater. 310 2503
[4] Gilbert T L 2004 IEEE. Trans. Magn. 40 3443
[5] Wang G X, Dong C H, Jiang C J, Chai G Z and Xue D S 2012 J. Magn.
Magn. Mater. 324 2840
[6] LiuY,LiuZ W, Tan CY and Ong C K 2006 J. Appl. Phys. 100 093912
[7]1 LuG D, Zhang H W and Tang X L 2010 Chin. Phys. Lett. 27 097501
[8] Xue G, Peng L and Zhang H W 2010 Chin. Phys. Lett. 27 017501
[9] Wang Y C, Zhang H W, Wen D D, Zhong Z Y and Bai F M 2013 J.
Appl. Phys. 113 17A316
[10] Yang Y, Liu B L, Tang D M, Zhang B S, Lu M and Lu H X 2010 J.
Appl. Phys. 108 073902
[11] Herzer G 1989 IEEE. Trans. Magn. 25 3327

[12] Ge S H, Yao D S, Yamaguchi M, Yang X, Zuo H P, Ishii T, Zhou D and
Li F 2007 J. Phys. D: Appl. Phys. 40 3660

[13] Lu G D, Zhang H W, Xiao John Q, Tang X L, Zhong Z Y and Bai FM
2012 IEEE. Trans. Magn. 48 3654

[14] Yao D S, Ge S H, Zhou X Y and Zuo H P 2010 J. Appl. Phys. 107
073902

[15] Kuanr B K, Camley R E and Celinski Z 2005 J. Magn. Magn. Mater:
286 276281

[16] Mircea D I and Clinton T W 2007 Appl. Phys. Lett. 90 142504

[17] Zhang L R, Lv H, Liu X, Bai J M and Wei F L 2012 Chin. Phys. B 21
037502

[18] Kalarickal S S, Krivosik P, Wu M, Patton C E, Schneider M L, Kabos
P, Silva T J and Nibarger J P 2006 J. Appl. Phys. 99 093909

[19] XuF, Chen X, Ma Y G and Phuoc N N, Zhang X Y and Ong C K 2008
J. Appl. Phys. 104 083915

[20] Zuo H P, Ge S H, Wang Z K, Xiao Y H, Yao D S and Li Y B 2009 J.
Magn. Magn. Mater. 321 3453

[21] Zuo HP, Ge S H, Wang Z K, Xiao Y H and Yao D S 2008 /EEE. Trans.
Magn. 443111

[22] Wang X H, Chai G Z and Xue D S 2014 J. Alloys Compd. 584 171
[23] Nguyen N. Phuoc, Xu F and Ong C K 2009 J. Appl. Phys. 105 113926

047503-4


http://dx.doi.org/10.1016/j.jallcom.2010.02.081
http://dx.doi.org/10.1016/j.jallcom.2010.02.081
http://dx.doi.org/10.1063/1.370412
http://dx.doi.org/10.1063/1.370412
http://dx.doi.org/10.1016/j.jmmm.2006.11.095
http://dx.doi.org/10.1016/j.jmmm.2006.11.095
http://dx.doi.org/10.1109/TMAG.2004.836740
http://dx.doi.org/10.1016/j.jmmm.2012.04.024
http://dx.doi.org/10.1016/j.jmmm.2012.04.024
http://dx.doi.org/10.1063/1.2361160
http://dx.doi.org/10.1088/0256-307X/27/9/097501
http://dx.doi.org/10.1088/0256-307X/27/1/017501
http://dx.doi.org/10.1063/1.4795325
http://dx.doi.org/10.1063/1.4795325
http://dx.doi.org/10.1063/1.3489954
http://dx.doi.org/10.1063/1.3489954
http://dx.doi.org/10.1109/20.42292
http://dx.doi.org/10.1088/0022-3727/40/12/016
http://dx.doi.org/10.1109/TMAG.2012.2200096
http://dx.doi.org/10.1063/1.3357399
http://dx.doi.org/10.1063/1.3357399
http://dx.doi.org/10.1016/j.jmmm.2004.09.080
http://dx.doi.org/10.1016/j.jmmm.2004.09.080
http://dx.doi.org/10.1063/1.2719241
http://dx.doi.org/10.1088/1674-1056/21/3/037502
http://dx.doi.org/10.1088/1674-1056/21/3/037502
http://dx.doi.org/10.1063/1.2197087
http://dx.doi.org/10.1063/1.3005879
http://dx.doi.org/10.1063/1.3005879
http://dx.doi.org/10.1016/j.jmmm.2009.06.052
http://dx.doi.org/10.1016/j.jmmm.2009.06.052
http://dx.doi.org/10.1109/TMAG.2008.2001626
http://dx.doi.org/10.1109/TMAG.2008.2001626
http://dx.doi.org/10.1016/j.jallcom.2013.09.012
http://dx.doi.org/10.1063/1.3143042

	1. Introduction
	2. Experiment
	3. Results and discussion
	4.  Conclusion
	References

