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Two series of Fe81�xNixGa19/Si(100) and Fe81�yNiyGa19/glass films, where x or y = 0–26, were made by the
magnetron sputtering method. The film thickness (tf) was fixed at 100 nm. We have performed three
kinds of experiments on these films: (i) the saturation magnetostriction (kS) measurement; (ii) the
easy-axis and hard-axis magnetic hysteresis loop measurements; and (iii) the ferromagnetic resonance
(FMR) experiment to find the resonance field (HR) with an X-band cavity tuned at fR = 9.6 GHz. The nat-
ural resonance frequency, fFMR, of the Kittel mode at zero external field (H = 0) is defined as fFMR ; m[HK4-
pMS]1/2, where c = 2pm is the gyromagnetic ratio, HK and 4pMS are the uniaxial anisotropy field and
saturation magnetization, and HK << 4pMS. The Gilbert damping constant, a, is calculated from the for-
mula, a = [m(DH)S]/(2fR), where (DH)exp = (DH)S + (DH)A, (DH)exp is the half-width of the absorption peak
around the resonance field HR, (DH)S is the symmetric part of (DH)exp, and (DH)A is the asymmetric part.
The degree of asymmetry, (DH)A/(DH)exp, is associated with the structural and/or magnetic inhomogene-
ities in the film. The main findings of this study are as follows: (A) fFMR tends to decrease, as x or y
increases; (B) a decreases from 0.052 to 0.020 and then increases from 0.020 to 0.050, as x increases,
and a decreases from 0.060 to 0.013 in general, as y increases; and (C) kS reaches a local maximum when
x = 22. We conclude that the Fe59Ni22Ga19/glass film should be the most suitable for application in mag-
neto-electric microwave devices.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The desirable properties of a soft magnetic material are high
permeability (l) and low loss. Hysteresis loss is the most impor-
tant loss in ferromagnetic substances at low driving frequency.
However, at the high driving frequency hysteresis loss becomes
less important, because the domain-wall-displacement mecha-
nism, is mostly damped and is replaced by the rotation-magnetiza-
tion mechanism. Thus, the next important loss in ferromagnetic
metals and alloys is the eddy current (EC) loss. Since a power loss
of this type increases in proportion to the square of the frequency,
it plays an important role at high frequencies, usually in the range
of radio frequencies [1,2]. Moreover, if the frequency is increased
further into the microwave range, one will encounter both the fer-
romagnetic resonance (FMR) and the EC phenomena.

In this study, we wish to find soft magnetic materials that can
be used in a tunable magneto-electric microwave device [3] or
other rf/microwave magnetic devices. In these devices, the basic
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requirements for the soft ferromagnetic film are low coercivity
(HC), high saturation magnetization (4pMS), high saturation mag-
netostriction (kS), high rotational permeability (lr), high limiting
(or natural resonance) frequency (fFMR), high electrical resistivity
(q), and low Gilbert damping parameter (a).

From Ref. [3], we find that the Fe–Ga alloys seem to be good soft
magnetic materials for the device applications mentioned above.
For example, they may have low saturation field (HS), about
100 Oe for single crystals (SCs) and about 50 Oe for poly-crystals
(PCs) [4,5], high saturation magnetization, about 18 kG [4], and
high saturation magnetostriction, about 200–400 ppm for SC and
about 40–100 ppm for PC sample [6,7]. Notice that although the
FeGa single crystal has a large value of kS, which is favorable in
terms of magneto-electric coupling, its ferromagnetic resonance
line-width (DH), about 450–600 Oe [8] at X-band, is, however,
too large for tuning efficiency. In other words, a of an FeGa sin-
gle-crystal film is too large. Moreover, from an economic point of
view, it is usually more laborious (or expensive) to grow a sin-
gle-crystal than a poly-crystal film. Hence, in this paper we shall
concentrate only on the polycrystalline film. Besides, it has been
found that incorporation of about 12 at.% of a metalloid element,
such as boron (B) or carbon (C), into the Fe81Ga19 alloy improves
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kS; i.e., kS reaches maximum in the B range from 1 to 10 at.% [3,9–
11]. Notice, however, there is a discrepancy between kS � 70 ppm
for the (FeGa)90B10 film in Ref. [3] and kS � 45 ppm for the as-
quenched (FeGa)90B10 bulk in Ref. [9].

In this study, we chose one series of the Fe81�xNixGa19/Si(100)
and another series of the Fe81�yNiyGa19/glass films, where x or y
ranges from 0 to 26. Hopefully, we can achieve combinations of
the following favorable features, such as low HC or HS, high
4pMS, high kS, high lr, high q, and low DH or a, from one of these
FeNiGa films [12–14].
Fig. 2. A typical FMR absorption spectrum of the Fe70Ni11Ga19/glass film at the
microwave frequency fR = 9.6 GHz.
2. Experimental details

Fe81�xNixGa19/Si(100) and Fe81�yNiyGa19/glass films, with 0 5 x or y 5 26 at.%
Ni, were made by the magnetron sputtering method. The various fabrication condi-
tions are summarized below: the base pressure (p) was 5 � 10�7 Torr; the Ar work-
ing gas pressure (pAr) was 5 m Torr; the sputtering power (Pw) was 80 W; the
deposition temperature (TS) was room temperature (RT); and the film thickness
(tf) was fixed at 100 nm.

The field-in-plane magnetic hysteresis loops was obtained from vibrating sam-
ple magnetometer (VSM) measurements. When the squareness ratio (SQR ‚

‚ Mr/
MS) is the largest, we define the easy-axis (EA), and when SQR the smallest, the
hard-axis (HA). In most cases, the angular dependence of SQR is roughly sinusoidal
with a period of 180�. As an example, the HA hysteresis loop of the Fe55Ni26Ga19/
glass film in Fig. 1a shows that (SQR)HA = 0.72, HS = 20 Oe, and the anisotropy field
(HK ‚‚ (1/2)(HK1 + HK2) � 6.3 Oe). For the same film, its EA hysteresis loop in Fig. 1b
shows that the saturation magnetization (4pMS � 15.8 KG), (SQR)EA = 0.99, and
coercivity (HC � 13.8 Oe). Here, it is interesting to note that since HK 5 HC for all
the films, they may be classified as the ‘‘inverted’’ films [15]. A brief summary is
listed below: as x or y increases from 0 to 26, 4pMS remains almost constant,
16.8–15.8 KG, and HC decreases, 34.4–13.8 Oe.

The series of Fe81�xNixGa19/Si(100) and Fe81�yNiyGa19/glass films, in a circular
or disk shape, were studied with the FMR experiments. The microwave resonant
cavity used was a Bruker ER41025ST X-band resonator, which was tuned at
fR = 9.6 GHz. The film samples were oriented such that EA//H

*

and EA\hrf

*

, where
H
*

was an in-plane external field, which varied from 0 to 2 KOe, and hrf

*

was the
microwave field. A typical FMR absorption spectrum of the Fe70Ni11Ga19/glass film
Fig. 1. (a) The hard-axis (HA) and (b) the easy-axis (EA) magnetic hysteresis loop of
the Fe55Ni26Ga19 film deposited on a glass substrate. HK is the anisotropy field, 4pMS

is the saturation magnetization, HC is the coercivity, and (SQR)HA and (SQR)EA are
the squareness ratio along HA and EA, respectively.
is shown in Fig. 2, where we can spot an FMR event or an absorption peak at H = HR

and define the half-peak width (DH)exp. In this case, HR = 637 Oe and
(DH)exp = 144 Oe.

The longitudinal and transverse magnetostrictions (k// and k\) were measured
in an optical-cantilever system [16]. The Young’s modulus (Ef) of the each film,
which is required in the estimations of k// and k\, was obtained from nano-
indentation measurements. Finally, kS was calculated using the formula kS =
(2/3)(k//S � k\S) = (2/3)Dk, where k//S and k\S are the k// and k\ values above HS.

The electrical resistivity (q) was measured by the standard four-point-probe
method. The structural properties were characterized by X-ray diffraction (XRD)
using Cu Ka1 line.
3. Results and discussion

Table 1 lists the X-ray structure data of the (FeNi)81Ga19 films
deposited on glass substrates. Briefly speaking, when y = 22 at.%
Ni, there is only one single A2 phase, and when y = 0–17, and
26 at.% Ni, there are mixed phases with A2 (major) and D019, L12,
and/or unidentified (minor) phases. In general, we consider that
all the FeNiGa films are highly (110) textured.

Fig. 3 shows the main resonance field (HR) at fR = 9.6 GHz as a
function of the Ni concentration (x or y) for the two series of
(FeNi)81Ga19 films, respectively. From this figure, we find that HR

increases as x or y increases. When at the Kittle mode resonance,
the relationship among HR, HK, fR, and 4pMs for a flat film can be
written as [17–19],

ðfR=mÞ2 ¼ H2
R þ ð2HK þ 4pMSÞHR þ HKðHK þ 4pMSÞ @@ X2 ð1Þ

where m = c/(2p is in MHz, 4pMS and H’s in Gauss, c is the gyromag-
netic ratio of the material and g = m/(1.40X), with 1.40 in unit of
MHz/G. From Eq. (1), we found that g of the FeNiGa films varies
from 2.21 to 2.01, as x or y increases. Then, based on Eq. (1) and
the g value, the natural (or FMR–K) resonance (at H = 0) would oc-
cur at fFMR = m[HK(HK + 4pMS)]1/2

; m[HK4pMS]1/2 with HK << 4pMS.
The plot of fFMR vs. x or y is shown in Fig. 4. As discussed in the next
paragraph, fFMR should serve as the cut-off (or limiting) frequency
(fC) for these series of ferromagnetic films.

In general, the complex permeability, l = lR � ilI, has an anom-
alous behavior; the real part, lR, drops off and the imaginary part,
lI, exhibits an absorption peak at a certain high frequency, e.g., fC.
For a non-metallic ferromagnet, fC is mainly determined by FMR.
For a metallic ferromagnet, according to Fig. 4.17 of Ref. [1], fC

should depend on the smallest dimension, i.e., tf, of the sample.
For example, if tf < d, where d = (q/plRf)1/2 is the skin depth, the
lR or lI anomaly at fC is related to the FMR effect, and if tf > d, fC

is related to the eddy-current effect [1]. In our case, tf = 100 -
nm < d � 650 nm (@f � 1 GHz). Thus, we would have fC = fFMR for
all the FeNiGa films in general. Here, since we do have metallic
films, the eddy-current effect is not negligible, and should be con-
sidered in the resonance cases, as discussed later.



Table 1
Structural information: the X-ray diffraction peaks of the Fe81�yNiyGa19/glass films; I/Imax is the peak intensity ratio; and a is the lattice constant. (DH)A/(DH)exp is the degree of
asymmetry of the FMR linewidth. ‘‘?’’ means an unidentifiable diffraction peak.

y (at.% Ni) 2h (deg.) phase (hkl) d (Å) a (Å) I/Imax (%) (DH)A/(DH)exp (%)

0 27.707 ? 3.217 – 16.8 3.6
38.300 D019(200) 2.348 – 14.5
44.570 A2(110) 2.031 2.873 100
82.421 A2(211) 1.169 – 10.6

4 38.234 D019(200) 2.352 – 10.4 5.0
44.537 A2(110) 2.033 2.875 100
82.124 A2(211) 1.173 – 5.6

11 24.374 L12(100) 3.649 – 17.0 14.5
29.456 ? 3.030 – 87.9
44.570 A2(110) 2.031 2.873 100

17 24.371 L12(100) 3.649 – 17.0 19.7
44.570 A2(110) 2.031 2.873 100

22 44.537 A2(110) 2.033 2.875 100 0.9

26 29.522 ? 3.023 – 32.9 6.5
44.669 A2(110) 2.027 2.867 100

Fig. 3. The main resonance field (HR), at f = 9.6 GHz, of the various FeNiGa films.

Fig. 4. Natural resonance frequency (fFMR) of the FeNiGa films plotted vs. the Ni
concentration (x or y).

Fig. 5. Static rotational permeability (lr) increases, as x or y increases in the FeNiGa
films.
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Next, at low frequency, the definition of rotation permeability
for an in-plane uniaxial film, such as any FeNiGa film in this study,
is lr = 4pMS/HK. Then, in Fig. 5, we can calculate lr of the FeNiGa
films and plot it as a function of x or y. From this figure, we con-
clude that in general lr increases, as x or y increases. It is easy to
understand this result; i.e., the Snoek’s law, followed from the Lan-
dau–Lifshitz equation, can be written as [2,20],

ðlr � 1Þf 2
FMR ¼ ðm4pMsÞ2 ð2Þ

In Eq. (2), (m4pMS) of the FeNiGa films is almost independent of
x or y; i.e. it decreases by only 10%, as x or y increases from 0 to
26 at.% Ni. However, based on Fig. 4 (fFMR)2 decreases by 64%, as
x or y increases similarly. Thus, from Eq. (2), there should be a
trade-off between lr and fFMR for both series of FeNiGa films.
For a ferromagnetic film, high speed magnetization switching
means a low Gilbert damping parameter (a). From the Landau–Lif-
shitz–Gilbert (LLG) equation, the magnetic damping parameter (a)
can be written as [20],

a ¼ Df1=2

m4pMS
ð3Þ

where Df1/2 is the full width at half maximum for the absorption
peak of lI at resonance. Eq. (3) is used in a shorted micro-strip
transmission line perturbation experiment [20]. Alternatively, Eq.
(3) can also be written as [18],

a ¼ mðDHÞS=2f FMR; ð4Þ

where (DH)S is the theoretical full width at half maximum of the
absorption peak around the main resonance field (HR). Notice that
the subscript ‘‘s’’ of DH in Eq. (4) means that this theoretical DH
should be, in principle, symmetric with respect to the central peak,
HR. In the following, we shall give a reason for this argument. The
LLG equation with Kittel mode can be expressed in the following
form [18,19,21]:

tan / ¼ 4pkl0

mMS

H
H � HR

ð5Þ

and

lR � v0 ¼ MS

aH

� �
sin / cos / ð6aÞ

lI � v00 ¼ MS

aH

� �
sin2 / ð6bÞ



Fig. 6. Gilbert damping parameter (a) plotted as a function of the Ni concentration
(x or y) for the FeNiGa films.

Fig. 7. Saturation magnetostriction (kS) reaches maximum, when x or y = 22 at.% Ni.
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where lo = 4p � 10�7 H/m, / is a finite azimuthal angle between
the rotating field vector hrf

*

and the magnetization vector MS

*

,
k � (amMS)/(4plo), and H

*

is an in-plane field with EA//H
*

. From Eq.
(5), tan(/) reaches the maximum value, when H = HR or / = 90�.
Similarly, from Eq. (6), the maximum v00 also occurs at / = 90�. In
other words, if Eqs. (5) and (6b) are combined, we obtain,

lI / sin2 / / H2

H2 þ 1
a

� �2ðH � HRÞ2

" #
MS

aH

� �
ð7Þ

In Eq. (7), the Lorentzian part, H2/[H2 + (1/a)2(H � HR)2], of lI

must be symmetric with respect to (w.r.t.) HR. However, the
(1/H) part of lI is not. Fortunately, when H is near HR, the H depen-
dence of lI is more characterized (or affected) by the Lorentzian
part, if a is small, which is exactly the case for our films. Thus,
we can still consider lI to be symmetric w.r.t. HR. Further, since
the FeNiGa films are metallic, due to the eddy current (or the sur-
face impedance) effect, the power absorption of microwave at HR

should be expressed as [22],

DPabs ¼ ðl2
R þ l2

I Þ
1=2 þ lI

h i1=2
; ð8Þ

Thus, unlike a ferromagnetic insulator, there is an admixture of
lR and lI in DPabs for a ferromagnetic FeNiGa metal. From Eq. (6a),
lR is mainly anti-symmetric w.r.t. HR. But, (lR)2 in Eq. (8) is still
symmetric w.r.t. HR. As a result, no matter if the film is metallic
or not, DPabs is symmetric. Moreover, when H is near HR, (lI)2 >>
(lR)2, which leads to the result,

DPabs ffi 2lI

� 	1=2
; ð9Þ

from Eq. (8). Thus, we believe that in our case the theoretical DPabs is
symmetric w.r.t. HR. Also, whether we used DPabs � lI or DPabs -
� (2lI)1/2, we should, in principle, always get the same (DH)S, and
by definition the symmetric width (DH)S � 2aHR, i.e., Eq. (4). How-
ever, in reality, as shown in Fig. 2, the experimental width (DH)exp is
not ideally symmetric. Hence, (DH)exp is composed of two parts:
(DH)exp = (DH)S + (DH)A, where (DH)S and (DH)A are the symmetric
and asymmetric parts in (DH)exp. In general, three sources may con-
tribute to (DH)A: one is from the structural inhomogeneity, and the
other two are from the magnetic inhomogeneities [21]. As dis-
cussed previously, Table 1 shows that if y = 22 at.% Ni (range A),
the films are structurally homogenous (i.e., containing only one
A2 phase), and if y = 0–17, and 26 at.% Ni (range B), they are struc-
turally inhomogenous (i.e., containing mixed phases). Thus, we ex-
pect that for the former film its (DH)A is smaller, while for the latter
films their (DH)A’s are larger. In agreement with the experimental
data from FMR experiments (Table 1), for the film in range A, the
degree of asymmetry of the linewidth, (DH)A/(DH)exp = 0.9%, is
smaller, while for those in range B, the degree of asymmetry,
(DH)A/(DH)exp = 3.6–19.7%, is larger in general. As to the magnetic
inhomogeneity, one mechanism is due to the asymmetric distribu-
tions of the magnitude and/or angle dispersion of HK

*

. The other is
associated with the local inhomogenous demagnetizing field (Hd)
near edges of the film sample. Here, we are unable to assess how
much the magnetic-inhomogeneity mechanisms would affect
(DH)A/(DH)exp quantitatively.

Fig. 6 shows that as y increases, a decreases from 0.060 to 0.013
for the FeNiGa films deposited on glass substrates, and as x in-
creases, a first decreases from 0.052 to 0.020 and then increases
from 0.020 to 0.050 for the FeNiGa films deposited on Si(100) sub-
strates. All these Gilbert damping parameters were extracted, as
described previously, from each FMR measurement made along
the easy-axis. We like to emphasize that since all our films are
poly-crystalline, a shown in Fig. 6 may or may not be from the
minimum or maximum linewidth of each sample [23]. In addition,
one may notice that there is discrepancy between a data of the x-
and y-series films in the range 17 6 x or y 6 26 at.% Ni. In the fol-
lowing, we shall explain why the a data from the y-series (Fe81�y-

NiyGa19/glass) films should be more reliable. The p-doped Si(100)
semiconductor substrate conducts with electrical resistivity (q),
about 5–10 X cm. On the other hand, q is about 120–150 lX cm
for FeNiGa films deposited on insulating glass. Further, the thick-
ness ratio of tSi/tf is about 103. A simple calculation shows that
the electrical resistance ratio, RSi/Rf, for the x-series (Fe81�xNixGa19/
Si(100)) films is of the order of one. Thus, the current shunting ef-
fect must be significant in the case of FeNiGa films deposited on
Si(100). As observed, the (apparent) q of the x-series films is in
general smaller than the (real) q of the y-series films. In an FMR sit-
uation, the eddy current, iac induced by hrf

*

, must be flowing in the
most conducting FeNiGa film at least. For the y-series film, because
glass is an insulator, iac is mainly limited inside the film region.
However, for the x-series films, due to the current shunting effect,
iac will flow across the film/Si interface. Moreover, the spin injec-
tion across the interface indicates that the proximity region on
the Si side, which is partially magnetized, will also absorb micro-
wave, and make an extra contribution to the main FMR signal from
the film. As a result, for the x-series (Fe81�xNixGa19/Si(100)) films,
there is an additional broadening of the FMR peak width due to the
extraneous eddy-current effect near the film/Si interface [20].
Thus, in general a of the Fe81�xNixGa19/Si(100) films, as shown in
Fig. 6, should be less accurate (or meaningful) than that of the
Fe81�yNiyGa19/glass films.

Fig. 7 shows kS of the x- and y-series FeNiGa films as a function
of the Ni concentration (x or y). The general trend in Fig. 7 is that as
x or y increases, kS increases, and kS reaches a local maximum when
x and/or y = 22 at.% Ni. For Fe59Ni22Ga19/Si(100), kS = 19 ppm, and
for Fe59Ni22Ga19/glass, kS = 27 ppm. Also, notice that the saturation
field of these films is quite low, about 15 Oe only. Hence, its mag-
netostriction sensitivity, defined as SH � (3/2)(kS/HS), can be quite
high, about 1.9–2.7 ppm/Oe, which is suitable for the low field
and high frequency application.



C.-C. Liu et al. / Journal of Alloys and Compounds 562 (2013) 111–115 115
4. Conclusion

We have made two series of Fe81�xNixGa19/Si(100) and Fe81�yNiy

Ga19/glass films, with 0 6 x or y 6 26 at.% Ni, at room temperature by
the magnetron sputtering method. Magnetic hysteresis loop, mag-
netostriction, and FMR measurements were performed on these
films. We observed that (DH)exp of each film is in general asymmet-
ric. Hence, (DH)exp is composed of two parts: (DH)exp = (DH)S +
(DH)A, where (DH)S and DH)A are the symmetric and asymmetric
parts. We believe this asymmetry is related to the degrees of the
structural and/or magnetic inhomogeneities in each film. As x or y in-
creases from 0 to 26 at.% Ni, we found that (I) 4pMS decreases only
slightly, 16.6–15.0 KG, (II) HC is small, 34.4–13.8 Oe; (III) kS first in-
creases and reaches a local maximum at x or y = 22 at.% Ni; (IV) fFMR

tends to decrease, 1.6–0.8 GHz; (V)lR tends to increase, 1212–3993;
and (VI) a decreases in general, 0.060–0.013.

Thus, from this study we conclude that among all the FeNiGa/
glass films, the Fe59Ni22Ga19/glass film should be the most suitable,
due to its highest kS, SH, q, (next to the highest) lr and the lowest
HS and (next to the lowest) a, for application in the magneto-elec-
tric microwave devices. However, 4pMS and fFMR of the Fe59Ni22-

Ga19/glass film are relatively smaller.
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