
We study ferromagnetic thin films, and patterned devices.  In particular, we are 
interested in their properties regarding magnetic field sensing and magnetic 
memory applications.  These include magnetostatic properties such as 
magnetic anisotropy, coercivity and saturation magnetization, and dynamic 
properties such as resonance frequency and magnetization damping.  The 
latter determine e.g. how quickly the magnetization responds to an external 
field.  Magnetoresistive properties are also very important, i.e. how resistivity 
depends on current direction with respect to magnetization (AMR effect, 
anisotropic magnetoresistance) or relative magnetization orientation in 
heterostructures (GMR and TMR, giant and tunneling magnetoresistance).

Our work includes thin film deposition and structural characterisation of many 
sorts, magnetostatic measurements (VSM, vibration sample magnetometry), 
MOKE (magneto-optic Kerr effect magnetometry), and dynamic measurements 
such as FMR (ferromagnetic resonance).

Magnetic properties differ dramatically 
between the two deposition techniques:
• dc magnetron sputtered films have cubic in-plane 

symmetry, with two equivalent easy axes along the 
<110> directions and have “hard axes” in-plane along 
the <100> directions.

• HiPIMS deposited films have “easy axis” anisotropy, 
that is one easy axis and one hard axis at right 
angles in the plane of the film. The easy axis in our 
case is along <100> while the hard is along <010>.
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Thin film growth and 
characterisation

Thin film deposition
We use mostly dc magnetron sputtering for metals or HiPIMS (high power 
impulse magnetron sputtering, i.e. bursts of plasma with a low duty cycle) to 
deposit thin ferromagnetic films.

A very common method to affect the direction of magnetic anisotropy after 
deposition is to apply a static magnetic field in situ, during growth.  Another 
method, less commonly used, is to change the incident angle of the sputter 
flux, i.e. sputter at an angle other than 90 degrees.  Both methods can help 
define the anisotropy axes, and we study both, separately and together.  
Neither of them is well understood yet!

Further information
• M. Kateb, H. Hajihoseini, J.T. Gudmundsson, and S. Ingvarsson, J. Phys. D: Appl. Phys. 51, 285005 (2018)
• M. Kateb, E. Jacobsen, and S. Ingvarsson, J. Phys. D: Appl. Phys. 52, 075002 (2019)
• Yat-Yin Au and  S. Ingvarsson, J. Appl. Phys., 106, 083906 (2009)

Structural properties
The crystal structure, epitaxy (or not), grain size, density, defects and film 
thickness are very important to know.  These are obtained by x-ray 
measurements, (XRD: x-ray diffraction, XRR: x-ray reflection, AFM: atomic 
force microscopy).
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FIG. 3. The symmetric XRD pattern of the epitaxial films
deposited by HiPIMS (right) and dcMS (left). The vertical
dashed lines show the peak position of bulk Py and MgO. The
curves are shifted manually for clarity.

ship of Py(001) k MgO(001) for both dcMS and HiPIMS
deposited films. There is also a weak spot with four-
fold symmetry at  = 90� due to in-plane di↵raction of
{200} planes parallel to substrate edges in both films.
This indicates there are Py {100} planes parallel to the
substrate edges i.e. Py[100] k MgO[100]. The {220} pole
figures, also depict four-fold symmetry of {220} planes
at  angle of 45 and 90� as expected from symmetry
in a cubic single crystal for both films. In both of the
{111} pole figures, there is a four-fold spot at � = 45�

and  = 54.74� which is in agreement with the angle
between (002) and {111} planes. However, compared to
the (002) spots the {111} and {220} planes are slightly
elongated radially, along the  axis. This indicates a lat-
tice constant expanded in-plane of the substrate for both
films, in agreement with shift observed in the in-plane
XRDs (cf. Fig. 3). The FWHM of the spots are always
narrower for the dcMS deposited epitaxial film indicating
higher order in this case.

The extra dots that appear in the {111} pole figure
of the HiPIMS deposited film belong to twin boundaries
as have also been reported for epitaxially deposited Cu
using thermal evaporation52 and HiPIMS.53 The exis-
tence of twin boundaries in the Py is a signature of high
deposition rate which has been observed previously in
evaporated9,54 and electro-deposited5 films and studied
in detail using TEM.54–56 It can be seen that these dots at
23� also appear in the dcMS deposited film but with very
small intensity. This indicates that the fraction of twin
boundaries is much lower in the dcMS deposited film.
In addition, there are three spots with four-fold symme-
try in the {200} pole figure of the HiPIMS deposited film
which do not appear in the dcMS counterpart. The three
dot pattern in the {200} pole figure has been character-

FIG. 4. The pole figures obtained for Py {111}, {200}
and {220} planes of epitaxial films deposited by HiPIMS and
dcMS. The height represents normalized log intensity in arbi-
trary units.

ized as an auxiliary sign of twin boundaries in the film.53

It is worth noting that these extra dots in both {200}
and {111} plane were characterized by a ✓�2✓ scan (not
shown here) to make sure they belong to the Py film.

C. Magnetic properties

Fig. 5 compares the results of in-plane MOKE mea-
surements along the [100] and [110] directions of both the
epitaxial films. Fig. 5(a-b) indicate a biaxial behaviour in
the dcMS deposited film consisting of two easy axes along
the [110] directions with Hc of ⇠2 Oe. This is consistent
with the h111i direction being the easy direction of the
Py crystal and the magnetization being forced in-plane
along the h110i directions due to shape anisotropy.9,57

Along the [100] directions the MOKE response is rela-
tively hard i.e. open hysteresis with a gradual saturation
outside the hysteresis. The gradual saturation can be ex-
plained by out-of-plane component of magnetization.58 In
polycrystalline films, the out-of-plane element of magne-
tization increases with increase in the film thickness59,60

and it gives perpendicular anisotropy at trans-critical
thicknesses.1,2,61 In single crystal films, however, it ap-
pears that out-of-plane component of magnetization is
generally the case.12,19,62

Fig. 5(a) also shows that the h100i and h010i direc-
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deposited by HiPIMS (right) and dcMS (left). The vertical
dashed lines show the peak position of bulk Py and MgO. The
curves are shifted manually for clarity.
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and {111} plane were characterized by a ✓�2✓ scan (not
shown here) to make sure they belong to the Py film.
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Fig. 5 compares the results of in-plane MOKE mea-
surements along the [100] and [110] directions of both the
epitaxial films. Fig. 5(a-b) indicate a biaxial behaviour in
the dcMS deposited film consisting of two easy axes along
the [110] directions with Hc of ⇠2 Oe. This is consistent
with the h111i direction being the easy direction of the
Py crystal and the magnetization being forced in-plane
along the h110i directions due to shape anisotropy.9,57

Along the [100] directions the MOKE response is rela-
tively hard i.e. open hysteresis with a gradual saturation
outside the hysteresis. The gradual saturation can be ex-
plained by out-of-plane component of magnetization.58 In
polycrystalline films, the out-of-plane element of magne-
tization increases with increase in the film thickness59,60

and it gives perpendicular anisotropy at trans-critical
thicknesses.1,2,61 In single crystal films, however, it ap-
pears that out-of-plane component of magnetization is
generally the case.12,19,62
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FIG. 5. The average hysteresis loops of the epitaxial films
obtained by MOKE measurements along the [100] and [110]
directions of the epitaxial films.

tions are not completely equivalent for our dcMS de-
posited film. The h100i direction presents larger coerciv-
ity (⇠2 Oe) and saturates at 12 Oe but the h010i direction
gives ⇠1 Oe coercivity and saturates at 15 – 18 Oe. This
di↵erence arises from the fact that h100i is the direction
of sputter flux during 300 ms stop time while reversing
the rotation. Such a short time is enough to define uniax-
ial anisotropy in the polycrystalline film using both dcMS
and HiPIMS.30 However, it appears that for the epitax-
ial film deposited by dcMS, our deposition method is not
enough to induce uniaxial anisotropy along the [100] di-
rection in agreement with the previous study of Schuhl
et al. 35 .

As shown in Fig. 5(c-d) the HiPIMS deposited epi-
taxial film shows very well-defined uniaxial anisotropy
indicated by a linear hard axis trace without hysteresis
and slightly rounded easy axis loop along the [100] direc-
tions. The anisotropy field (Hk) of the HiPIMS epitaxial
film is 3.5 Oe, i.e. much lower than the values observed
for polycrystalline films deposited by HiPIMS on Si/SiO2

(11 – 14.5 Oe).30 However the coercivity (Hc) of 1.8 Oe
here is very close to that of polycrystalline films i.e. 2
– 2.7 Oe. We have shown that in polycrystalline films
the Hc depends on the film density and increases as the
film density drops.30 In principle the Hc of a film de-
pends on the domain boundary structure which has been
proved to be dependent on the film thickness.63 However,
since the grain size changes with the film thickness, it is
a common mistake to correlate Hc with the grain size.
We have shown that for a range of film thicknesses (10
– 250 nm) the grain size changes continuously while Hc

only changes with the domain wall transition i.e. Néel to
Bloch to cross-tie.28

A question that might arises here is what makes
the HiPIMS deposited epitaxial film present uniaxial

anisotropy. It has been shown by several groups that
formation of ordered Ni3Fe results in lower uniaxial
anisotropy constant (K1).3,22,24,25,27 According to both
pair ordering3 and localized composition non-uniformity6

theories, uniaxial anisotropy is not expected for a highly
symmetric Ni3Fe. While in the case of HiPIMS deposited
film, lower order results in uniaxial anisotropy.

D. Transport properties

Fig. 6 shows the AMR response of epitaxial films to
the rotation of 24 Oe in-plane saturated magnetization.
This field is large enough to saturate both films in any
direction. The ✓ here stands for angle between applied
magnetic field and the h100i direction of films and should
not to be confused with the � in Eq. (6) i.e. the angle be-
tween current direction and magnetic field. The result
of Eq. (6) is also plotted for comparison as indicated by
the black line. Although, the dcMS deposited film is
thinner than the HiPIMS counterpart, the resistivites in
the dcMS case stand well below HiPIMS ones. This be-
haviour is in contradiction with the Fuchs model64 which
predict lower resitivity for thicker films. This behaviour
can be explained in terms of higher Ni3Fe order achieved
in the dcMS deposited film. It has been shown previously
that the resistivity depends on the order and decreases
upon increase in Ni3Fe order.22

It can be seen that the AMR response of the epitaxial
film deposited with HiPIMS conforms better with Eq. (6)
than its dcMS counterpart. In the dcMS case, the devia-
tion from Eq. (6) occurs at about 45 – 85�, 95 – 135� and
so on. Since the deviation is symmetric around 90� (the
h010i orientation) it is less likely associated with a pin-
ning mechanism of some domains. Presumably, the de-
viation originates form switching some domains towards
the easy axis at 45 and 135, 225 and 315� i.e. [110] ori-
entations. This so-called qusi-static switching in single
crystal Py has been studied using torque measurements,
as characteristics of biaxial anisotropy.9

The AMR values obtained by Eq. (5) along the h100i
and h010i directions are summarized in table II. We have
recently showed that in polycrystalline films the AMR
response is di↵erent along the hard and easy axis of the
film.29 It appears that the AMR response is always lower
along the h100i (direction of flux) in the epitaxial films.
It is also evident that higher order reduces resistivity and
increases AMR.

IV. SUMMARY

In summary, we have deposited Ni80Fe20 (001) films by
HiPIMS and dcMS. We have characterized them carefully
with detailed X-ray measurements, finding only rather
subtle structural di↵erences. The pole figures display a
signature of twin boundaries (stacking faults) in the HiP-
IMS deposited film and it appears to be slightly more

7

TABLE II. Summary of the AMR results of epitaxial films.
The entire resitivities values are in µ⌦-cm unit.

Deposition Current ⇢k ⇢? �⇢ ⇢ave AMR

method direction (µ⌦-cm) (%)

dcMS h100i 22.19 22.80 0.39 23.06 1.70

dcMS h010i 16.92 16.46 0.46 16.77 2.74

HiPIMS h100i 37.46 37.91 0.45 37.76 1.19

HiPIMS h010i 27.16 27.62 0.46 27.47 1.67
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FIG. 6. The AMR obtained by resistivity measurements
along the [100] directions during rotation of 24 Oe magnetic
field. The ✓ here stands for angle of in-plane magnetization
with the h100i direction. The black line indicate the result
of fitting with Eq. (6). The vertical dashed lines indicate the
direction of easy axes.

strained or disordered, regarding dispersion of Ni and
Fe atoms, than the dcMS deposited film. However, the
di↵erences in the magnetic properties of said films are
vast. The dcMS deposited film has biaxial symmetry in
the plane, with easy directions [110] as one might expect
for a bulk fcc magnetic material (the h111i direction is
out of plane and shape anisotropy forces magnetization
into the plane of the film). The HiPIMS deposited film
exhibits di↵erent magnetic symmetry, as it has uniaxial
anisotropy with h100i as the easy direction. Furthermore,
the film is magnetically soft and has an anisotropy field
of only 3.5 Oe, which is lower than most results we have
obtained for polycrystalline films. We attributed the uni-

axial anisotropy to less ordered dispersion of Ni and Fe at
atomic level in the film deposited by HiPIMS due to high
deposition rate of HiPIMS during the discharge pulse.
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atoms. Thus, Yushkov and Anders [39] model the inverse of 
delay time to be proportional to the cathode voltage. They also 
proposed a linear variation of delay time with inverse of pres-
sure at constant cathode voltage. However, here we preferred 
to maintain constant power by increasing the cathode voltage 
as pressure decreases. Thus there is a competition between 
cathode voltage increment and pressure decrement to shorten 
and lengthen the delay time, respectively. Since the delay 
became longer as the pressure decreased, it can be concluded 
that in the present study the pressure has a dominant effect 
over cathode voltage on the length of delay time.

The time required to reach the peak current after current 
initiation is 115 µs at 0.13 Pa while for higher pressures it 
stands nearly constant at about 75 µs. Since the peak currents 
are not equal at different pressures, we also calculate rise time 
of 0 to 15 A at each pressure. The graph shows the rate of cur-
rent rise is 0.41 A µs−1 at 0.13 Pa and it increases to 0.61 A 
µs−1 by increasing the pressure to 0.33 Pa. At higher pressures 
the current rise rate remains almost unchanged.

3.2. Microstructure

3.2.1. X-ray reflectivity. Figure 3 shows the x-ray reflectivity 
curves of the films grown with dcMS at room temperature as 
an example. The figure clearly shows a change in x-ray reflec-
tivity with pressure. At higher pressures, the amplitude of the 
oscillations decays faster with incident angle, which repre-
sents greater surface roughness of the film [40]. This behav-
ior is reproduced similarly for the rest of the pressure series 
grown at different conditions but are not shown here. In order 
to obtain the most precise estimates of thickness, density and 
surface roughness of the films, the reflectivity curves have to 
be fitted carefully. To this end we take into account forma-
tion of an oxide layer and adsorbed moisture on its surface 
which is reasonable since the measurements were performed 
in ambient atmosphere (ex situ).

The results of the fitting are shown in figure 4 for both of the 
deposition methods and both substrate temperatures. All the 

films were grown to the same thickness of 37 nm and the dep-
osition rate is shown in the figure inset. We note that HiPIMS 
deposition has significantly lower deposition rate than dcMS 
deposition. As shown in figure 4(a), the density of the films 
grown by dcMS at room temperature shows an abrupt drop in 
the pressure range between 0.33–0.53 Pa. In contrast, utilizing 
HiPIMS at room temperature can maintain high density for 
most of the cases explored. The only exception occurs at 0.73 
Pa which density shows deviation from the almost constant 
high density attained in other HiPIMS deposited samples. One 
may think that since the average deposition rate of HiPIMS 
is significantly lower than for dcMS (see figure 4(b) inset) it 
may result in higher densities. Thus another series was grown 
by dcMS at 50 W power which gives deposition rate of 0.5 Å 
s equal to the average deposition rate of HiPIMS at 0.13 Pa. 
This lower deposition rate at 50 W dcMS improves the den-
sity at 0.13 Pa, compared to the 150 W counterpart, but the 
film density drops as the pressure is increased. Thus the low 
deposition rate is not solely responsible for the high film den-
sity obtained by HiPIMS at room temperature. For both dcMS 
and HiPIMS growth, increased substrate temperature seems 
to efficiently maintain the film density at a value very close to 
the bulk density of 8.72 g cm−3 (see [33], page 548). This can 
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Figure 3. The XRR curves for the film grown with dcMS at 
room temperature and at various pressures up to nearly the same 
thickness. The figures are offset vertically for illustration purposes.
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method can be extended to determine anisotropic resistivity 
[6] and that ρiso measured by the original technique is the geo-
metric mean of resistivities along the principle axes of the film 
i.e. ρiso =

√
ρ1ρ2  [5, 6].

AMR results also depend on the thin film deposition tech-
nique, and in particular on the resulting microstructure and 
magnetization [1]. Control over magnetization direction can 
be achieved by applying in situ  magnetic field during growth 
or by depositing under an angle with respect to the substrate 
normal [7]. The origin of magnetic field induced anisotropy in 
permalloy Ni80Fe20 (Py), in which the effect of magnetostric-
tion is negligible, was mainly attributed to directional ordering 
of Fe/Ni atom pairs [2, 8]. The tilt angle, however, has been 
thought to induce anisotropy due to self-shadowing effect [7]. 
Since then, it has been shown that self-shadowing leads to off-
normal fibrous texture in Py [9, 10]. This encourages perpend-
icular (out-of-plane) anisotropy in the film and thus lowers 
in-plane anisotropy or even leads to in-plane isotropy, i.e. a 
complete loss of in-plane anisotropy [11]. However, it is still 
unclear how tilt deposition contributes to the in-plane uniaxial 
anisotropy.

There are a limited number of studies on the simultaneous 
utilization of in situ  magnetic field and tilt deposition [9, 12–
14]. Sun et al [9] reported a deterioration of uniaxial anisotropy 
and loss of magnetic softness in CoZrO films by increase in 
tilt angle (0–55°) in the presence of an in situ  field of 400 Oe 
which assisted the easy axis induced by the tilt angle. Phuoc 
et al [12] showed that in the presence of a 200 Oe assisting 
magnetic field, the anisotropy field of Py/IrMn bilayer increases 
with increase in tilt angle, which is more pronounced for angles 
larger than 35°. Oliveira et al [13] studied 150 Oe competing 
field, i.e. a field perpendicular to the easy axis defined by the 
tilt angle, in the Cu/IrMn/Py/Cu system. They showed that the 
magnetic axis can be rotated ∼10–30° with respect to original 
easy axis induced by the tilt angle depending on the tilt angle. 
More recently, we studied deposition of Py under a 35° tilt angle 
with three different field configurations: zero field, assisting and 
competing in situ  saturation field of 70 Oe [14]. In our study 
we showed that tilt angle always determines the easy axis, even 
if the applied field competes with the easy axis induced by the 
tilt angle. It was also shown that a combination of tilt angle and 
assisting field results in very well defined uniaxial anisotropy in 
the Py i.e. square easy axis with sharp switching and linear hard 
axis without hysteresis.

In this work, we use the extended vdP method for AMR 
measurements in Py films and compare it with the more con-
ventional method of defining Hall-bar patterns in the films. 
We use the method to study a series of different thickness 
Py films, prepared by tilt deposition with an assisting in situ  
magn etic field, to make sure they present well defined uniaxial 
anisotropy. We do careful x-ray measurments in studying the 
microstructure, e.g. texture, of our films and compare our 
results with the literature. We find that there is a change in 
microstructure as the films increase in thickness, and that this 
is reflected in the resistivity measurements.

2. Experimental method

2.1. Magnetoresistance measurements

We compared the magnetoresistance obtained by vdP and 
by lithographically patterned Hall-bars. To this end, clean 
(0 0 1) p–Si was dehydrated at 140 °C for 5 min on a hotplate 
and then exposed to HMDS vapor for 5 min to become more 
hydrophilic. Then 1–2 ml maN-1410 photoresist (Micro resist 
tech. GmbH) was dispensed and spin coated at 4000 rpm for 
300 s (pre-spin at 500 rpm for 15 s) and soft baked at 100 °C 
for 90 s. This gives 1 µm thick resist on a 4” wafer. After 6 s  
exposure (DUV-1000 AB-M Inc. mask aligner) at 25 mW 
cm−2 the pattern was developed in maD-533/S (Micro resist 
tech. GmbH) for 30 s and rinsed with DI water and dried with 
N2. Square (15 × 15 mm2) and Hall-bar (0.4 × 1.6 mm2) pat-
terns were grown simultaneously and prepared with a lift-
off in Acetone. The growth process included a 4 nm thick Cr 
underlayer, for adhesion, and a 40 nm thick Py film. During 
deposition, an in situ  magnetic field of 70 Oe was applied to 
induce uniaxial anisotropy in the desired direction, without 
the aid of the tilt angle. The Hall-bars were made large enough 
that the in-plane shape anisotropy of the Hall-bar structure 
would not affect the magnetization direction induced during 
growth. Then the AMR was measured as shown schematically 
in figure 1 by driving current through the Hall-bar and mea-
suring voltage at the side contacts.

In the vdP method, four small contacts must be placed on 
the sample perimeter. We choose to work with square samples, 
with electrical contacts at each of the four corners labeled A, 
B, C, and D as illustrated in figure  1. While the resistivity 
in magnetic materials is clearly anisotropic, the original vdP 
method assumes the film is isotropic. The corresponding iso-
tropic resistivity value, ρiso is obtained by:

exp

(
− πd
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Figure 1. Schematic illustration of resistance measurements along 
hard (H) and easy (E) axis for both hall-bar and vdP methods.
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where d  is the film thickness and e.g. RAB,CD is the resistance 
obtained by applying current to AB and picking up the voltage 
at the opposite side between CD or vice versa. It has been 
shown that ρiso =

√
ρxρy is the geometric mean of principle 

resistivities in anisotropic thin films [5, 6] i.e. along the easy 
(ρx) and the hard (ρy) axes in our case. The ratio of principle 
resistivities can be obtained from Price’s [6] extension to the 
vdP method for anisotropic samples, as below:

√
ρx

ρy
= − b

πa
ln

(
tanh

[
πd RAD,CB

16 ρiso

])
 (2)

where b and a are the side lengths of a rectangular sample 
and RAD,BC  is resistance along the b sides as described above. 
Equation (2) yields the ratio of easy and hard axis resistivity. 
The individual values of principle resistivities can subse-
quently be obtained by:

ρx = ρiso

√
ρx

ρy
 (3)

ρy = ρiso

(√
ρx

ρy

)−1

. (4)

Our magnetoresistance measurements were done at in-
plane saturation field of ∼23 Oe parallel and perpendicular 
to the current direction, respectively. The strength of the field 
is enough to saturate the magnetization as it is 10 times the 
coercive field Hc and 5 times of Hk in our thinnest films. All 
measurements were performed at room temperature. Since 
high current densities may perturb local magnetization [15] 
and/or produce heating, care was taken to use low current den-
sities in resistivity measurements. Thus we swept between ±
10 mA for measuring vdP and Hall-bar resistivities (the I–V  
curves were perfectly linear within this range). The AMR ratio 
is given by [1]:

AMR =
∆ρ

ρave
=
ρ∥ − ρ⊥
ρave

 (5)

where ρave for FCC materials like Py defined as [1]:

ρave =
1
3
ρ∥ +

2
3
ρ⊥ (6)

where ρ∥ and ρ⊥, respectively, are resistivities with magne-
tization saturation parallel and perpendicular to the current 
direction. Thus, each of the ρx and ρy can be translated to ρ∥ 
and ρ⊥ by applying proper external magnetic field. To this end 
three vdP measurement was performed i.e. without applied 
field (B0), with saturation field along the easy (Beasy) and 
hard (Bhard) axes, respectively. This yields values for ρiso at 
B0, Beasy and Bhard that can be translated to ρeasy and ρhard 
using equations  (3) and (4). Now, for example, AMR along 
easy axis is determined by considering ρ∥ to be ρeasy at Beasy 
and ρ⊥ equal to ρeasy at Bhard. In a similar manner one can 
define AMR along the hard axis by using ρ∥ = ρhard at Bhard, 
and ρ⊥ = ρhard at Beasy.

The definition of AMR does not contain any reference 
to sample geometry or its crystalline or other anisotropies, 
only the angle between magnetization and current direction. 

Assuming the x′-axis being some general current direction, 
one can determine ρx′:

ρx′ = ρ∥ +∆ρ cos2 θ (7)

here θ stands for angle between current (x′) and saturated 
magnetization direction. It is worth noting that equation  (7) 
states the resistivity is only dependent on θ and not on the zero 
field easy and hard axis directions.

2.2. Thickness series grown by field assisted tilt sputtering

Our deposition configuration for studying the effect of dif-
ferent thickness is shown schematically in figure 2. Regardless 
of growth method, e.g. evaporation [7], DC or RF magnetron 
sputtering [16] or even presence/absence of applied field [14], 
tilt deposition has been found to determine the magnetic easy 
axis in Py.

Our series of samples with different thickness was grown 
on (0 0 1) p–Si with a 100 nm thick layer of thermally grown 
oxide. No underlayer was used since we have found that tilt 
deposited underlayer increases anisotropy field in our films, 
as has been reported by others [9, 16, 17]. Our depositions 
were carried out in a UHV (<5 × 10−9 mbar base pres-
sure) magnetron sputter system at a pressure of 1.3 × 10−3 
mbar and 150 W which results in 1.20 Å  s−1 deposition rate. 
The deposition angle was 35° with respect to the substrate 
normal, with a target to substrate distance of 20 cm. During 
deposition, a magnetic field of 70 Oe was applied using a 
pair of permanent magnets attached to the sample holder. The 
entire sample holder rotated around the substrate normal n 
360° back and forth at ∼12.8 rpm. The process of stopping 
and reversing takes 200 ms. The rotation is necessary in order 
to obtain uniform film thickness, while the stop time before 
reversal is what determines the magnetization axis along 
with the tilt angle. Thickness uniformity over large area was 
examined simply by lifting-off pre-patterned lines (from side 
to side and along diagonals of our 20 × 20 mm2 substrates) 
followed by step height measurement using atomic force 
microscopy (AFM).

hard

easy

n

Materials flux 
fro m target

magnet

ψ

Figure 2. Schematic illustration of deposition geometry and tilt 
angle induced hard and easy axis in the film.
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Sample arrangement during sputter deposition.  
The sample is enclosed by permanent magnets 
and we change the angle of incident flux.

Fitting XRR results, the 
decaying fringes in the 
figure, yields film thickness, 
surface or interface 
roughness, and film 
density.

XRD spectra of dc magnetron sputtered and 
HiPIMS deposited permalloy. The interface with 
the MgO substrate is strained, but there is a 
perfect cube-on-cube epitaxial relationship 
between film and substrate. Subtle differences in the pole figures of 

films made by different deposition methods.

patterned on top of a single microwire by photolithography.
The resultant sample pattern was connected to the two ports
of a network analyzer by high bandwidth microwave probes,
as depicted in Fig. 1!a", where the transmission scattering
parameter S21 was measured. An external field H0 was ap-
plied along the wire long axis during measurement. A scan-
ning electron microscope image of the central region of a
typical sample is shown in Fig. 1!b" #rotated 90° with respect
to Fig. 1!a"$. The 20 !m long microwire was placed across
a 10 !m gap in the signal line, with a pair of contact pads
from the signal line waveguide overlapping with approxi-
mately a 5 !m section of our microwire at each end. Micro-
wave electric current therefore has to squeeze through a
10 !m long narrow channel provided by the microwire in
order to transmit from the waveguide on one side to the
other. Since the high frequency magnetic field associated
with the microwave current is significant only at locations
where the electrical current is most concentrated, our FMR
signal results only from the 10 !m long section of this par-
ticular single microwire between the contacts.

III. RESULTS AND DISCUSSION

Figure 2!a" displays corrected microwave transmission
against sweeping microwave frequency from the network
analyzer for decreasing value of applied external dc magnetic
field H0 !from bottom to top", measured on the single mag-
netic layer microwire !i.e., 15 nm of Ni80Fe20". The “cor-
rected transmission” is defined as S21!H0" /S21!H0b"
−S21

! !H0" /S21
! !H0b", where S21 and S21

! denote the measured
microwave transmission scattering parameters of the micro-
wire of interest with and without a magnetic material, respec-
tively, at a particular magnetic field. The background exter-
nal field H0b was set to be high enough to exclude any
magnetic excitations in the frequency region of interest
!0–11 GHz". The injected microwave power level was at " 5
dBm. Subtraction of nonmagnetic microwire reference signal
from the corresponding magnetic one in the corrected trans-
mission defined above is to remove any transmission varia-
tions that are related to magnetic field but not to magnetic
material within the microwire. Averaging over multiple iden-
tical measurements was done to improve the signal to noise

ratio. The typical time to obtain one spectrum of corrected
transmission against frequency is half an hour.

In Fig. 2!a", we see a definite single absorption dip at 9.4
GHz for H0=701 Oe !bottom curve". The dip moves mono-
tonically to lower frequency when H0 is decreased. Consid-
erable broadening occurs at low field values !H0# 294 Oe",
and arises due to decomposition of one single resonance into
a number of modes with slightly different frequency shifts.
The relative amplitudes of these modes were found to be
highly dependent on injected microwave power !not shown",
evidence that the occurrence of these mode structures may
have been related to the rf field within the wire, probably
through nonlinear mechanisms.11,12 Discussions of such pos-
sibilities are beyond the scope of this article.

Figure 2!b" displays the same measurement for a double
magnetic layer microwire with d1=20 nm and d2=35 nm.
Now for each value of H0, instead of one single dip for the
case of a microwire with a single magnetic layer, two absorp-
tion dips with distinct frequency are clearly visible. The two
absorption dips with such distinct precession frequency
could not be assigned to simple broadening of one single
resonance as in the case of a single magnetic layer micro-
wire. We assert the dip with higher !lower" frequency to be
the acoustic !optical" mode of magnetic oscillation, i.e., in-
phase !out-of-phase" precession of the two magnetic layers
within the wire with respect to each other. The optical !out-
of-phase" mode enjoys a lower precession frequency than the
acoustic !in-phase" mode simply because the magnetic mo-
ments of the two layers prefer to align antiparallel to each
other. We will discuss this issue more elaborately in a short
while. Figure 3 summarizes the measured dependence of
resonance frequency of these modes on applied magnetic
field H0.

Reference 13 describes the magnetostatic waves travel-
ing in magnetic double layer continuous films separated by a
nonmagnetic spacer layer, similar to ours. With the addi-
tional condition of wavenumber quantization, the same for-
malism is used to fit our experimental data. We use a gyro-
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FIG. 1. !Color online" !a" Schematic illustration of the experiment. !b"
Scanning electron microscope image of the central region of the sample
!rotated 90°".
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FIG. 2. Corrected transmission vs microwave frequency for decreasing val-
ues of external field from bottom to top: !a" single magnetic layer microwire
and !b" double magnetic layer microwires.
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patterned on top of a single microwire by photolithography.
The resultant sample pattern was connected to the two ports
of a network analyzer by high bandwidth microwave probes,
as depicted in Fig. 1!a", where the transmission scattering
parameter S21 was measured. An external field H0 was ap-
plied along the wire long axis during measurement. A scan-
ning electron microscope image of the central region of a
typical sample is shown in Fig. 1!b" #rotated 90° with respect
to Fig. 1!a"$. The 20 !m long microwire was placed across
a 10 !m gap in the signal line, with a pair of contact pads
from the signal line waveguide overlapping with approxi-
mately a 5 !m section of our microwire at each end. Micro-
wave electric current therefore has to squeeze through a
10 !m long narrow channel provided by the microwire in
order to transmit from the waveguide on one side to the
other. Since the high frequency magnetic field associated
with the microwave current is significant only at locations
where the electrical current is most concentrated, our FMR
signal results only from the 10 !m long section of this par-
ticular single microwire between the contacts.

III. RESULTS AND DISCUSSION

Figure 2!a" displays corrected microwave transmission
against sweeping microwave frequency from the network
analyzer for decreasing value of applied external dc magnetic
field H0 !from bottom to top", measured on the single mag-
netic layer microwire !i.e., 15 nm of Ni80Fe20". The “cor-
rected transmission” is defined as S21!H0" /S21!H0b"
−S21

! !H0" /S21
! !H0b", where S21 and S21

! denote the measured
microwave transmission scattering parameters of the micro-
wire of interest with and without a magnetic material, respec-
tively, at a particular magnetic field. The background exter-
nal field H0b was set to be high enough to exclude any
magnetic excitations in the frequency region of interest
!0–11 GHz". The injected microwave power level was at " 5
dBm. Subtraction of nonmagnetic microwire reference signal
from the corresponding magnetic one in the corrected trans-
mission defined above is to remove any transmission varia-
tions that are related to magnetic field but not to magnetic
material within the microwire. Averaging over multiple iden-
tical measurements was done to improve the signal to noise

ratio. The typical time to obtain one spectrum of corrected
transmission against frequency is half an hour.

In Fig. 2!a", we see a definite single absorption dip at 9.4
GHz for H0=701 Oe !bottom curve". The dip moves mono-
tonically to lower frequency when H0 is decreased. Consid-
erable broadening occurs at low field values !H0# 294 Oe",
and arises due to decomposition of one single resonance into
a number of modes with slightly different frequency shifts.
The relative amplitudes of these modes were found to be
highly dependent on injected microwave power !not shown",
evidence that the occurrence of these mode structures may
have been related to the rf field within the wire, probably
through nonlinear mechanisms.11,12 Discussions of such pos-
sibilities are beyond the scope of this article.

Figure 2!b" displays the same measurement for a double
magnetic layer microwire with d1=20 nm and d2=35 nm.
Now for each value of H0, instead of one single dip for the
case of a microwire with a single magnetic layer, two absorp-
tion dips with distinct frequency are clearly visible. The two
absorption dips with such distinct precession frequency
could not be assigned to simple broadening of one single
resonance as in the case of a single magnetic layer micro-
wire. We assert the dip with higher !lower" frequency to be
the acoustic !optical" mode of magnetic oscillation, i.e., in-
phase !out-of-phase" precession of the two magnetic layers
within the wire with respect to each other. The optical !out-
of-phase" mode enjoys a lower precession frequency than the
acoustic !in-phase" mode simply because the magnetic mo-
ments of the two layers prefer to align antiparallel to each
other. We will discuss this issue more elaborately in a short
while. Figure 3 summarizes the measured dependence of
resonance frequency of these modes on applied magnetic
field H0.

Reference 13 describes the magnetostatic waves travel-
ing in magnetic double layer continuous films separated by a
nonmagnetic spacer layer, similar to ours. With the addi-
tional condition of wavenumber quantization, the same for-
malism is used to fit our experimental data. We use a gyro-
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FIG. 1. !Color online" !a" Schematic illustration of the experiment. !b"
Scanning electron microscope image of the central region of the sample
!rotated 90°".
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Magnetotransport
We employ either lithographic patterning or a 
technique named after van der Pauw that requires 
nothing but a simply connected region and knowledge 
of distance between electrical contacts. An extension 
of this technique provides the full 2x2 in-plane 
resistivity tensor. The resistivity variation in the 
epitaxial permalloy films above is shown left, as the 
saturated magnetization is rotated in the plane.

Magnetodynamics: Ferromagnetic resonance
We do ferromagnetic resonance measurements on thin 
films and patterned structures.  Below is a schematic of 
an experiment done on 650 nm wide wires, in one case 
a single 15 nm thick layer of permalloy, in the other 
case two such layers separated by a 20 nm thick 
spacer layer of copper (non-magnetic).  The results are 
shown in the figure on the right.  The left panel is a 
single layer, while the right panel shows how the layers 
couple and split the resonant peak due to magnetostatic 
interaction.

Measurement techniques 
for magnetoresistance, 
above. Left: AMR results 
for epitaxial permalloy 
films.


