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Anisotropy in Thin Film Galfenol Deposited on LiNbO3 as Measured by
MOKE
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David Czerski, Paul Record
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Abstract

We report the magnetic anisotropy of films of the magnetostrictive alloy galfenol deposited on a LiNbO3

substrate measured with the magneto-optic Kerr effect (MOKE). This anisotropy is present in 250nm thick
films but is absent in 600nm thick films, most probably showing a loss in epitaxy with thickness. An
anisotropy constant of ku=3.45kJm−3 is deduced. Magnetic stripe domains (width 30µm) oriented along
the easy axis, parallel to the substrate (11̄00) axis, could be created and imaged.

Keywords: magnetic anisotropy, FeGa, thin film, MOKE

1. Introduction

Galfenol is an iron-gallium alloy with moderate
magnetostriction (∼400µm/m) at small saturation
fields (∼10mT) [1]. The ductility and machin-
ability of galfenol mean it is promising for thin5

film applications in micro-electromechanical actu-
ators/sensors [2], vibrational energy harvesters [3],
and surface acoustic wave (SAW) devices [4]. To
realise the potential of thin film galfenol, an en-
hancement of the magnetostriction by controlling10

the growth conditions and substrate choice is es-
sential.

The magnetostrictive properties of galfenol are
strongly dependent on the gallium concentration,
with peaks in the single crystal saturation magne-15

tostriction constant λ100 at 19 at.% and 27 at.%
Ga. The thermal history also plays a key role in de-
termining the magnetic properties of galfenol; the
cooling rate and any annealing processes can con-
trol structural transitions [5, 6]. In galfenol, the dis-20

ordered A2 (α-Fe) bcc phase may coexist with the
ordered B2 fcc, L12 fcc, DO3 fcc superlattice, and
DO19 hcp phases [7, 5]. These phases are strongly
linked to the magnetostrictive properties that man-
ifest in bulk and thin film samples, with the DO325

superlattice and L12 fcc phases being detrimental

to magnetostriction and the presence of a single A2
phase being beneficial to magnetostriction [8, 9, 10].

One route to increase magnetosctriction may be
found by inducing a magnetic anisotropy. There30

will then be a maximum expansion when the exter-
nal field is aligned along the hard axis as this causes
the largest rotation of magnetic moments during
magnetisation. Previously, a training field (50mT)
has been used during growth to induce an in-plane35

uniaxial anisotropy in 660nm thick Fe81Ga19 [6].
Additionally, weak anisotropy has been induced
during film growth by sputtering using low argon
pressure (∼3µbar) [11], or alternatively by raising
the substrate temperature to several hundred de-40

grees Celsius during deposition [12, 13]. Doping
Fe-Ga films with B, and N has also been found to
induce a large stress which affects the magnetic and
high frequency response of the films [14].

The choice of substrate has been shown to affect45

the structure of galfenol films. Commonly chosen
Si (100) or SiO2 substrates can control the surface
texture of polycrystalline galfenol [15, 16]. Both
GaAs (001) [17] and MgO (100) [18] have also been
successfully used as substrates, with the latter re-50

sulting in an increased saturation magnetisation in
comparison to Si (100) and SiO2.

LiNbO3 is an attractive substrate choice due to
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Ar Pressure Time Thickness Fe % Ga %
(µbar) (mins) (nm)

2 20 251 87.5 12.5
4 20 254 84.5 15.5
6 20 284 83.7 16.3
2 40 590 84.9 15.1
4 40 664 86.4 13.6
6 40 616 84.2 15.8

Table 1: Growth conditions and the relative compositions of
the galfenol films using LiNbO3 as a substrate. Films were
RF sputtered using a power of 60W.

its piezoelectric properties. LiNbO3 has an order
of magnitude larger electromechanical coupling co-55

efficient than SiO2 [19], meaning it is far more ef-
ficient in transferring electric and kinetic energy.
This is particularly relevant for increasing the ef-
ficiency for SAW applications. Enhancing magne-
tostriction by inducing an anisotropy through the60

choice of growth conditions and substrate can im-
prove the efficiency and viability of thin film de-
vices. In this article we report on the anisotropy of
thin films of galfenol deposited on a LiNbO3 sub-
strate as measured by the magneto-optic Kerr ef-65

fect (MOKE) - the rotation and ellipticity change
of reflected polarised light. Additionally, magnetic
domain images following AC demagnetisation along
the hard axis reveal the presence of stripe domains
of average width ∼30µm with magnetisation orien-70

tated along the easy axis.

2. Experimental

All samples were grown by RF sputtering follow-
ing a similar method to [2] but with a LiNbO3 sub-
strate. In particular, galfenol from a Fe81Ga19 tar-75

get was deposited at room temperature on 1mm
thick 128◦ X-cut LiNbO3 (Roditi International)
with approximate dimensions 10mm×10mm. Ta-
ble 1 lists the thickness and relative composition
of the six galfenol films that were measured. They80

are broadly split into two categories depending on
the time allowed for deposition: ‘thin’ films of
thickness≈250nm and ‘thick’ films ≈600nm. De-
tailed discussion here is focused on two film thick-
nesses which are each representative of the two85

thickness regimes.

Longitudinal MOKE measurements were made
with a dual photoelastic modulator setup [20] that

Figure 1: Field dependence of the longitudinal Kerr rotation
(a) and ellipticity angle (b) for light reflected from 254nm
thick Fe84.5Ga15.5 at different film orientations (φ) relative
to the y axis of the LiNbO3 substrate, as indicated by the
inset.

is capable of synchronously measuring the Kerr ro-
tation θK and ellipticity angle εK of reflected light.90

All MOKE signals were measured with incident s-
polarised light (λ=635nm) focused to a 4µm spot
with an incidence angle of 25◦. The sample temper-
ature was held at 295K during all measurements
and the magnetic field was aligned with the film95

surface and the plane of incidence.

3. Results & Discussion

The longitudinal Kerr rotation and elliptic-
ity change of light reflected from 254nm thick
Fe84.5Ga15.5 were measured for various orientations100

of the film. The angle φ, as illustrated by the inset
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of Figure 1(b), defines the angle between the plane
of incidence and the 128◦ X-cut LiNbO3 substrate
y axis (11̄00). Field sweeps were carried out every
∼5◦ from φ=-50◦ to φ=115◦ and a subset of these105

are plotted in Figure 1. Each curve is the average of
seven individual field sweeps, and it should be noted
that the general shape of the magnetic hysteresis
was independent of the position that light was fo-
cused on the sample surface (away from edges).110

At φ=0◦, when the incidence plane, field direc-
tion and y axis of the LiNbO3 substrate are aligned,
both ∆θK and ∆εK show sharp square-like hystere-
sis that is characteristic of a magnetic easy axis.
As φ is increased from zero, the field dependence115

of both ∆θK and ∆εK smooths out and the coer-
civity reduces to a minimum value at φ=90◦, rep-
resenting a magnetic hard axis. A notable distinc-
tion between the ∆θK and ∆εK field dependence
is the saturation signals as φ increases from 0◦ to120

90◦: ∆θsat.K decreases (by ∼28%) from 0.39mrad to
0.28mrad whereas ∆εsat.K increases (by ∼50%) from
0.08mrad to 0.17mrad. The observed anisotropy
may be due to a magnetostriction in the galfenol
film arising from the differing lattice parameters be-125

tween galfenol and LiNbO3. The lattice parameter
of cubic A2 (α-Fe) FeGa (which is assumed due
to the low gallium concentration in these films) is
roughly 0.287nm at 300k, and LiNbO3 is hexagonal
with a=b=0.515nm, and c=1.386nm. The mag-130

netic easy axis in thin film FeGa would be along
<001>, the same as bulk FeGa. The lattice mis-
match ((dLiNbO3

− dFeGa)/dLiNbO3
) for commen-

surate ratios would be -11.5% along φ=0◦ and,
taking the <110> direction to be the hard axis135

aligned with the (0001) projection of the 128◦ X-
cut LiNbO3, the mismatch would be -7.7% along
φ=90◦. The large difference in the saturation val-
ues of θK and εK would then be a result of a change
in the allowed inter- and intra-band transitions140

that would be a consequence of a magnetostrictive-
dependent change in structure.

The three galfenol films grown with a deposition
time of 20 mins, according to Table 1, showed sim-
ilar evolution of the field dependence of ∆θK and145

∆εK with increasing φ. No dependence on the ar-
gon growth pressure was observable in the MOKE
measurements, as has previously been noted [11],
though this is likely due to the anisotropy result-
ing from the LiNbO3-galfenol interface being much150

greater than a residual stress due to the argon pres-
sure. Additionally, no out of plane MOKE signal
was measurable, indicating that the magnetisation

Figure 2: Field dependence of the longitudinal Kerr rotation
(a) and ellipticity angle (b) for light reflected from 664nm
thick Fe86.4Ga13.6 at different film orientations (φ) relative
to the y axis of the LiNbO3 substrate. The average ∆θK
and ∆εK from 254nm thick Fe84.5Ga15.5 from Figure 1 is
also plotted.

is confined within the film plane.

Figure 2 shows longitudinal MOKE field sweeps155

on a 664nm thick Fe86.4Ga13.6 film for various φ.
As this galfenol film is rotated from φ=0◦ to 90◦,
the change in shape of the hysteresis loops is far
less marked than that of the thinner film in Figure
1. For comparison, the weighted field dependence160

of ∆θK and ∆εK averaged over φ for the thinner
254nm Fe84.5Ga15.5 film is also plotted in Figure 2.
The saturation ∆θK is identical for both galfenol
thicknesses however, the average coercivity of the
thinner film is larger than the thicker film (4.3mT165

compared to 1.2mT). Both ∆θsat.K and ∆εsat.K in-
crease with increasing φ for the thicker film in con-
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trast to the inverse correlation for the thinner film.
There is also a large difference in the magnitude
of ∆εsat.K between the two film thicknesses, with170

the saturation signal varying between 0.22mrad and
0.33mrad in the 664nm thick film compared to the
average saturation of 0.10mrad for the 254nm thick
film. The penetration depth of visible light is typi-
cally 10’s of nm in similar metals, far less than the175

film thicknesses here. This cannot, therefore, ex-
plain the reduction of ∆εsat.K in the thinner film.
The growth conditions, as detailed in Table 1, were
identical for both films. Hence, the presence of mag-
netic anisotropy only in the thinner galfenol films180

suggest that a stress induced at the LiNbO3-FeGa
interface decays with increasing galfenol thickness.

Figure 3 is a plot of the remanence to saturation
ratio (Mr/Ms) for both θK and εK from the 254nm
thick Fe84.5Ga15.5 film, as obtained from loops in185

Figure 1. The MOKE signal is proportional to the
component of magnetisation along the plane of in-
cidence. The remanence measured by θK follows a
| cos(φ)| dependence. Hence, the magnetisation is
confined to point along the easy axis at zero field190

i.e. for all φ, Mr = Ms cos(φ). This suggests that
the anisotropy in this galfenol film is strong enough
to prevent domains forming along a direction other
than the easy axis. As the magnetic field is reduced
the moments rotate smoothly towards the closest195

easy axis.
The Stoner–Wohlfarth model describes magnetic

reversal of a single domain ferromagnet with uniax-
ial anisotropy. The free energy density may be ex-
pressed in terms of the angle between the easy axis200

and applied field (φ) as well as the angle between
the easy axis and the saturation magnetisation (ψ),
as

E = ku sin2(φ)−MsH cos(φ− ψ). (1)

ku is an anisotropy constant, and the second term205

is the Zeeman term. The anisotropy constant ku is
related to the anisotropy field [21]

Hk =
2ku
Ms

. (2)

Hk is the field value at which saturation of θK
is achieved for field along the hard axis (φ=90◦).210

For the 254nm Fe84.5Ga15.5 film µ0Hk=15mT. The
saturation magnetisation Ms can be obtained from
the hard axis hysteresis loop measured in a SQUID
magnetometer. For this film, µ0Ms=580mT at
295K, which gives ku=3.45kJm−3. This value is215

slightly higher than would typically be expected

Figure 3: Ratio of the remanence to saturation values of θK
and εK for the 254nm thick Fe84.5Ga15.5 film. Blue points
are the orange points rotated by 180◦.

from single crystal galfenol. Bulk or single crys-
tal galfenol can be annealed whilst under stress or
in a magnetic field to enhance the anisotropy con-
stant. Under stress annealing at elevated temper-220

atures (219MPa at 635◦C), ku for Fe81.6Ga18.4 can
increase from a compressive -0.45kJm−3 to an ex-
pansive +13.6kJm−3 [22]. Field annealing poly-
crystalline Fe81.6Ga18.4 (1.2T at 550◦C) can in-
crease ku from 1.6kJm−3 to 7.2kJm−3 [23]. Thus225

the anisotropy observed in the 254nm Fe84.5Ga15.5
film here may possibly be enhanced further. Indeed,
if stress caused by the FeGa-LiNbO3 interface does
decay with increasing film thickness, then reducing
the thickness could increase ku, resulting in a larger230

maximum magnetostriction.

Magnetic domains may be imaged in the MOKE
signals by scanning the measurement position
across the film surface. For galfenol, the Kerr ro-
tation response is larger than the ellipticity an-235

gle change between opposing magnetisation direc-
tions. Figure 4(a) shows a map of ∆θK for the
plane of incidence parallel to the easy axis over the
Fe84.5Ga15.5 surface under a constant 150mT field
along the hard axis. This is sensitive to moments240

along the easy axis and highlights the variation in
Kerr rotation across the galfenol film when the mag-
netisation is fully saturated along the hard axis.
Figure 4(b) & 4(c) show the change in Kerr rota-
tion across the same area of the Fe84.5Ga15.5 surface245

following two separate AC demagnetisation sweeps
ending with zero field. In both figures, stripe do-
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Figure 4: The Kerr rotation measured along the vertical (easy) axis across the same area on 254nm thick Fe84.5Ga15.5 with
(a) constant +150mT along the horizontal (hard) axis, and (b) & (c) repeated scans after separate AC demagnetisation along
the horizontal (hard) axis.

mains can be clearly distinguished when compared
to the saturated scan in Figure 4(a). The magni-
tude of ∆θK ≈ ±0.4mrad is identical to the satura-250

tion signal in Figure 1. In these domain images,
positive/negative changes in Kerr rotation corre-
spond to domains with net magnetisation pointing
along the easy axis in opposite directions. The aver-
age domain width is roughly 30µm, and they extend255

>150µm along the easy axis.

The placement of domains across Figure 4(b)
& 4(c) is broadly similar on the right half of the
scan (above 400µm). Differences are evident in the
left half, however, with domains having a positive260

Kerr rotation being preferred in Figure 4(c). These
similarities between the two scans indicate that in
this galfenol film, domains are not generally pinned
however, some may be confined by local surface
composition variations or defects.265

The strong anisotropy that has been observed
in 254nm thick galfenol films here is most likely
caused by a stress induced by the lattice mismatch
between the film and the 128◦ X-cut LiNbO3 sub-
strate. Rather than a magnetostriction brought270

about by the interface, an alternative explanation
for the anisotropy could be a microstructure with
elongated grains aligned along the LiNbO3 y axis.
Such a columnar growth has previously been ob-

served in galfenol films up to 100nm thick [6, 16, 18],275

with grain diameters up to 120nm. If galfenol sput-
tered on 128◦ X-cut LiNbO3 grows with similar
sized grains then the magnetic domain size should
correspond to this. However, the comparatively
large magnetic domain width of 30µm measured280

here suggests that the grain shape is not the source
of anisotropy. A microstructural study of galfenol
films deposited on substrates that induce magne-
tostriction in galfenol, such as LiNbO3, could bet-
ter identify the source of the anisotropy. As has285

previously been reported, the exact phase composi-
tion is likely an important controlling factor of the
magnetostriction in these galfenol films [5, 8, 9, 10].

4. Conclusion

Magnetic anisotropy from the field dependence290

of θK and εK has been measured in ∼250nm
thick galfenol films aligning with the crystal direc-
tions of the 128◦ X-cut LiNbO3 substrate. This
anisotropy was not observed in ∼600nm thick films
grown under identical conditions, suggesting that a295

strain caused by the FeGa-LiNbO3 interface relaxes
within the galfenol. At zero field, the magnetisation
in ∼250nm galfenol films points along the y axis of
the LiNbO3 substrate, forming stripe domains of
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30µm width. Additionally, the anisotropy constant300

is calculated as ku=3.45kJm−3.
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