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Magnetization dynamics and field dependent magnetization of different devices based on 25–30 nm

thick Permalloy (Py) films: such as single Py layers (Py/MgO; Py/CoFeB/Al2O3� and Py inserted

as a magnetic layer in magnetic tunnel junctions (Py/CoFe/Al2O3/CoFe; Py/CoFeB/Al2O3/CoFe;

Py/MgO/Fe) have been extensively studied within a temperature range between 300 K down to 2 K.

The dynamic response was investigated in the linear regime measuring the ferromagnetic reso-

nance response of the Py layers using broadband vector network analyzer technique. Both the static

and the dynamic properties suggest the possible presence of a thermally induced spin reorientation

transition in the Py interface at temperatures around 60 K in the all samples investigated. It seems,

however, that the details of the interface between Py and the hardening ferromagnet/insulator struc-

ture, the atomic structure of Py layers (amorphous vs. textured) as well as the presence of dipolar

coupling through the insulating barrier in the magnetic tunnel junction structures could strongly

influence this low temperature reorientation transition. Our conclusions are indirectly supported

by structural characterization of the samples by means of X-Ray diffraction and high resolution

transmission electron microscopy techniques. Micromagnetic simulations indicate the possibility of

strongly enhanced surface anisotropy in thin Py films over CoFe or CoFeB underlayers. Comparison

of the simulations with experimental results also shows that the thermally-induced spin reorientation

transition could be influenced by the presence of strong disorder at the surface.

Keywords:

1. INTRODUCTION

In the last decade advances in nanoscience and nanotech-
nology have permitted growth of ultrathin ferromagnetic
layers. This achievement is nowadays widely used to
fabricate new generations of magnetic devices based on
magnetic multilayer structures, magnetic nanopillars, or
magnetic nanodots, and magnetic patterned media.1–4 This
miniaturization may produce changes not only in the trans-
port properties but also in the magnetization configuration
and in the magnetization dynamics of the ferromagnetic

∗Author to whom correspondence should be addressed.
†Present address: CEA/SPINTEC, 17 Rue des Martyrs, 38054 Grenoble,

France.

layers inside magnetic tunnel junctions (MTJs) in com-
parison with their bulk properties. It has been previously
established that in thin magnetic films the spontaneous
magnetization direction is governed by the competition of
different contributions to the free-energy functional of the
system, namely: intrinsic magneto-crystalline anisotropy,
shape anisotropy and surface anisotropy energies.5 It may
be expected that the competition between these energies
would be also of significant importance when thin mag-
netic films are inserted in multilayer structures. Indeed,
perpendicular magnetization in ultrathin (few Å) Co layers
has been reported for Co/Pd and Co/Pt multilayers,6 these
are implemented in new generation of spintronic devices
as spin torque nano-oscillators.7

J. Nanosci. Nanotechnol. 2011, Vol. 11, No. xx 1533-4880/2011/11/001/012 doi:10.1166/jnn.2011.4754 1



R
E
S
E
A
R
C
H

A
R
T
IC

L
E

Interface and Temperature Dependent Magnetic Properties in Permalloy Thin Films and Tunnel Junction Structures Sierra et al.

The ground state of the magnetization in magnetic films
with intermediate (tens of nm) thickness may be, quali-
tatively different from those found in bulk materials and
ultrathin films. In bulk materials the magnetization direc-
tion is determined by microscopic features such as the
exchange interaction and the spin-orbit coupling, being
both the source of the magnetic anisotropies. In ultra-
thin films the mechanisms that control the magnetiza-
tion direction are the shape (demagnetizing fields) and the
surface anisotropies, rendering either in-plane or out-of-
plane magnetization configurations. Although, in general,
thin films present an in-plane magnetization due to the
shape anisotropy, for some specific conditions the shape
anisotropy could be overcome by surface anisotropies
making the magnetization vector to lay out of the thin
film plane. The dependence of these energies with film
thickness, pressure, temperature or strain alter the com-
petition between shape and surface anisotropies which, in
turn, triggers a spin reorientation transition (SRT) from
in-plane to out-of-plane or viceversa.5�8 Focusing on the
thermally induced SRT (T-SRT) one observes that while
at room temperature the shape anisotropy is the term that
determines the magnetization direction, at low temper-
ature is the surface anisotropy.9 Such T-SRT has been
intensively studied for ultrathin films including Fe/Cu,10

Ni/Cu,11 Gd/W12 structures and Co/Pd multilayers.13 Little
is known about the T-SRT in thicker (tens of monolay-
ers) single magnetic films grown either on single crys-
tal epitaxial and amorphous layers or when incorporated
into spintronic devices, specifically in MTJs. In the latter
case the dipolar coupling between the top and the bot-
tom magnetic electrodes could induce novel unexpected
phenomena.
Due to its high magnetic susceptibility, low coer-

cive field and small magnetic anisotropy Permalloy (Py:
Ni80Fe20� is one of the most commonly used magnetic
materials in ultra-low magnetic field sensor technologies.
Magnetization dynamics of single-layer and exchanged
biased Py films (Py/IrMn, Py/CoO and Py/NiO) have been
intensively studied in the last years using ferromagnetic
resonance (FMR) experiments at room temperature14–18

through a wide range of temperatures.19–21 It was found
that in single-layer Py films the dependence with temper-
ature of the resonance frequency and the corresponding
linewidth shows an anomalous increase below a critical
temperature of 100 K.19�20 This unexpected behavior was
interpreted within the framework of the valence exchange
and exchange anisotropy mechanisms19 or, alternatively,
due to a T-SRT.20 In the framework of T-SRT the main
effect of temperature on the magnetic properties of Py
films was to increase the in-plane uniaxial anisotropy
and to induce a surface anisotropy that pushes the mag-
netization out-of-plane in the Py interface. Recently, in
MTJs based on Py free layers, the strong influence of the
dynamic properties on the T-SRT has been evidenced.22

However, with the exception of Refs. [20 and 22], little is
known about a possible T-SRT in structures based on Py
layers.
In order to address the possible effects of different inter-

faces on the T-SRT in Py we present an extensive and sys-

tematic study of both the magnetization dynamics (using

the FMR technique) and the static properties (M vs. H)

in different Py-based magnetic structures: (i) single-layer
Py thin films deposited on epitaxial MgO and on amor-
phous FeCoB/Al2O3substrates and, (ii) Py layers inserted
into MTJs with epitaxial MgO or amorphous Al2O3 tunnel
barriers. Comparatively to the previous work,22 our new
studies include single layers films and MTJs where Py is
grown on epitaxial substrates, i.e., highly ordered Py inter-
faces, thus showing unambiguously the decisive role of
the surface anisotropy. Independently of the substrate mor-
phology, all single-layer Py films show a gradual increase
of the resonance frequency with decreasing temperature as
well as a clear anomaly in the magnetization curves close
to a critical temperature TR of 60 K. Static and dynam-
ics properties of MTJs at low temperatures show, how-
ever, more exotic behavior. While dynamic properties of
Py grown on epitaxial MgO barrier also exhibit a gradual
increase of the resonance frequency with decreasing tem-
peratures a peak in the static properties qualitatively sim-
ilar to those observed in single-layer Py films but shifted
to higher temperatures is observed. MTJs with amorphous
Al2O3 barriers present a sharp increase in the resonance
frequency with a “knee-like” enhancement and a strong
anomaly in the static properties at 60 K. These results are
explained in the framework of a thermally induced spin
reorientation transition in the Py interface and the effects
of the dipolar coupling between Py and the second mag-
netic layer in the MTJs. The magnetic moments in the Py
interface changes from an in-plane configuration at room
temperature to an out-of-plane configuration at low tem-
peratures. Such reorientation goes through a “ripple-like”
structure on the surface close to the reorientation tem-
perature TR due to the competition of different magnetic
anisotropies and/or the dipolar coupling in tunnel junction
structures. Our model is supported by correlation between
the magnitude of the changes both in FMR and magneti-
zation at low temperatures and the degree of crystallinity
of the Py layers. This scenario is also supported by X-Ray
diffraction experiments and high resolution transmission
electron microscopy images. Finally, we perform micro-
magnetic simulations of hysteresis processes in Py films
with surface anisotropy and discuss the obtained results in
relation to the experimental observations.

2. EXPERIMENTAL DETAILS

FMR measurements through a wide temperature range
(2 K< T < 300 K) were carried out using vector network
analyzer (VNA) technique. This technique is based on the
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excitation of the uniform resonance mode, characterized
by its frequency f0 and its linewidth �f0 (defined as the
full width at half maximum of the uniform resonance peak)
Recent reported works have shown the convenience of this
method to investigate the quality of complex layered sys-
tems as magnetic multilayer structures.23

An AGILENT-E5071B vector network analyzer with a
frequency range from 300 kHz up to 8.5 GHz was used in
our experiments. In order to create the pumping field hrf

that excites the magnetization we use a grounded coplanar
wave guide transmission line. The cryogenic environment
was created with a Janis variable temperature cryostat and
a special designed rf-insert. The sample was mounted on
top of the wave guide, and placed inside of a supercon-
ducting electromagnet that creates a magnetic field along
the easy-axis of the sample. In order to observe the FMR
condition the hrf was applied transverse to the applied
magnetic field, with both fields in the sample surface. The
resonance condition was extracted following the method
developed in Ref. [18] by means of the scattering matrix
parameters provided by the VNA.
The magnetization curves were measured at fixes tem-

peratures between −0.5 T and 0.5 T in steps of 0.5 mT
by using a QUANTUM DESIGN superconducting quan-
tum interference device magnetometer (SQUID). The mor-
phology and the quality of the structures were investigated
analyzing the X-Ray diffraction patterns while transmis-
sion electron microscopy (TEM) images were obtained in
a FEI-F20 microscope fitted with a spherical aberration
(Cs) corrector (CEOS) whose point resolution is 0.12 nm.
Further experimental details will be explained in the cor-
responding paragraphs below.

3. SAMPLE GROWTH AND
CHARACTERIZATION

We shall divide the samples investigated in two sub-classes
depending on the type (amorphous vs. single crystal or
epitaxial) of the substrates/underlayers on which the mag-
netically free layer of Py is deposited.

3.1. Py Films on Amorphous Substrates/Underlayers

Amorphous MTJs (A-MTJ1 and A-MTJ2) and amorphous
single-layer film (further A-SL) were grown on quartz
wafers in a high vacuum sputtering chamber with a base
pressure of 10−9 Torr. Room temperature layers deposition
was held in an 18 mT magnetic field along the surface lay-
ers. After that, an in-situ 250 �C annealing for one hour in
the presence of an in-plane magnetic field of 20 mT was
done. The structures of both amorphous tunnel junctions
are as follows (thickness in nanometers):

A-MTJ1: Ta(5)/Cu(5)/Ta(5)/Ru(2)/Ir20Mn80(10)/
Co90Fe10(3)/Al2O3(1.8)/Co90Fe10(3)/Ni80Fe20(28)/
Ta(5)/Ru(5).

A-MTJ2: Ta(5)/Cu(5)/Ta(5)/Ru(2)/Ir20Mn80(10)/
Co90Fe10(3)/Al2O3(1.8)/Co60Fe20B20(2)/Ni80Fe20(23)/
Ta(5)/Ru(5).

Both A-MTJs have a CoFe(3) pinned layer that is
exchange biased by a naturally IrMn(10) antiferromagnetic
layer. The layer composition and thickness of the free layer
in both magnetic tunnel junctions were optimized for low
magnetic field sensor applications (further details in the
sample preparation can be seen in Ref. [24]).
The A-SL was grown in the same sputtering cham-

ber using the same growth parameters. The single-layer
film consists of an Al2O3(1.8)/Co60Fe20B20(2)/Ni80Fe20
(23)/Ta(5)/Ru(5) stack, similar to the free layer of
A-MTJ2.

3.2. Py Films Grown on Epitaxial MgO Buffer Layers

The fabrication of epitaxial structures was done
in a molecular beam epitaxy system with a base
pressure of 10−10 Torr. The epitaxial MTJ (fur-
ther E-MTJ) stack has the following composition:
MgO(10)/Fe(20)/MgO(5)/Ni80Fe20(30)/Al2O3(5), while
the epitaxial single-layer (further E-SL) has the following
structure: MgO(10)/Ni80Fe20(30)/Al2O3(5). Both samples
were covered with 5 nm thin Al2O3 capping layer. In order
guarantee the epitaxial grown of MgO on Si substrates,
firstly a 10nm MgO buffer layer at 300 �C at ∼0.06 Å/s
was deposited. Then it was cooled down to 180 �C, and,
in the case of E-MTJ the 20 nm Fe layer was deposited
at ∼0.08 Å/s. The 5 nm MgO barrier was deposited at
180 �C at 0.06 Å/s. Afterwards, the sample was heated to
280 �C and the Py was deposited at 0.1 Å/s. The Al2O3

capping layer was deposited at room temperature (see
Ref. [25] for sample growth details).

3.3. TEM Images

Figures 1(a)–(b) shows the cross-section images using low
magnification and high resolution TEM technique for two
of the amorphous structures studied (A-MTJ2 and A-SL).
The examination of the TEM images in the

Al2O3/Co60Fe20B20/Py single-layer indicates that Py
is (111) textured while the CoFeB/Al2O3 bilayer is
amorphous.
On the one hand, TEM analysis in the amorphous tunnel

junction 1 (A-MTJ1) shows an Ir20Mn80/Co90Fe10 pinned
layer (111) textured. The Al2O3 insulating barrier is amor-
phous and very rough. Finally, in the Co90Fe10/Py layer
it is difficult to observe a texture in the CoFe while the
upper Py layer is (111) weakly textured. On the other
hand, in the amorphous tunnel junction 2 (A-MTJ2) the
Ir20Mn80/Co90Fe10 pinned layer has less imperfections than
in A-MTJ1 with a highly (111) texture. The Al2O3 insu-
lating barrier is amorphous with smaller roughness. In the
Co90Fe10B20/Py free layer we observe that Co60Fe20B20

J. Nanosci. Nanotechnol. 11, 1–12, 2011 3
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Ru

Py

CoFeB

AI2O3

Ta

(a) (b)

5 nm

IrMn

AI2O3

Py

CoFeB

CoFe

5 nm

Amorphous structures

Fig. 1. Cross section TEM images for amorphous sam-
ples. (a) Amorphous single-layer (A-SL): Al2O3(1.8)/
Co60Fe20B20(2)/Ni80Fe20(23)/Ta(5)/Ru(5) and (b) Amorphous magnetic
tunnel junction 2 (A-MTJ2): Ta(5)/Cu(5)/Ta(5)/Ru(2)/Ir20Mn80(10)/
Co90Fe10(3) /Al2O3(1.8) /Co60Fe20B20(2)/Ni80Fe20(23)/Ta(5)/ Ru(5). The
dashed lines indicate the barrier profile. Anticorrelated roughness in the
barrier is marked with arrows.

seems to be amorphous and the upper Py layer highly
(111) textured.
We note that both amorphous tunnel junctions present an

anticorrelated roughness (see regions marked with arrows
in Fig. 1(b)). The presence of this anticorrelated roughness
has a strong influence in the T-SRT mechanism as will be
discussed later.
The TEM images of epitaxial structures—E-SL and E-

MTJ—are shown in Figures 2(a)–(b) respectively. Both
structures present an epitaxial (001) MgO deposition on Si
wafers and polycrystalline structure of the Py layer. The
E-MTJ exhibits an epitaxial growth of both Fe and MgO
barrier layers (both in the crystallographic (001) direction).
We shall discuss below, however, the possibility of some
weak texture of this E-SL at its interface with epitaxial
MgO (001) to explain the experimental findings.

(a) (b)

Epitaxial structures

Py

MgO Si

5 nm

Py

MgO Fe

5 nm

Zoom

Fig. 2. Cross section TEM images for epitaxial samples:
(a) Epitaxial single layer (E-SL): MgO(10)/Ni80Fe20(30)/Al2O3(5).
(b) Epitaxial magnetic tunnel junction (E-MTJ): MgO(10)/Fe(20)/
MgO(5)/Ni80Fe20(30)/Al2O3(5). The dashed lines indicate the barrier
profile. A zoom image of the Fe/MgO interface and the epitaxial
structure of the MgO is shown in the left-bottom part of the image.
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3.4. X-Ray Diffraction Experiments

In order to have more detailed information on the layer
morphology of the samples X-Ray diffraction (XRD)
experiments were carried out.
XRD measurements on amorphous samples were inves-

tigated using Cu K� radiation on a BRUKER-D8 �–�
diffractometer equipped with a position sensitive detec-
tor and a Ni filter to suppress Cu K� radiation. Samples
were mounted on glass sample-holders and those grown
on Si were slightly misaligned to prevent strong reflections
from the single crystal substrates reaching the detector
while �–2� scans were performed. Figure 3 summarises
the results obtained for amorphous samples. For A-MTJ1,
four diffraction peaks between 2� = 40 and 45 degrees
are prominent. Based on a structural database search we
have assigned these peaks as arising from IrMn(111), Ru
(002), Cu(111) and Py (111). However, only two of them
(IrMn (111) and Py(111)), are clearly present in A-MTJ2.
In the case of the A-SL film, we have identified again the
peak from the Py (111) planes from a f.c.c. structure at
2� = 44�4 degrees. We note the absence of other diffrac-
tion peaks from the Py layer concluding the preferential
(111) orientation of the Py in the amorphous samples.
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Fig. 4. X-ray diffraction patterns for samples E-MTJ (top panel) and
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XRD for epitaxial structures was done in a RIGAKU-
RU300 diffractometer using a Cu K� radiation. From
Figure 4 one clearly observes the peak from Py (111)
planes as well as peaks coming from (200) and Py (220)
planes, which appear near 2� = 51 and 75 degrees respec-
tively indicating its polycrystalline structure.

4. EXPERIMENTAL RESULTS

4.1. Dynamic Properties

We have evaluated the real and the imaginary parts of
the complex parameter U(f), which are proportional to
the dispersion and the loss profiles of the FMR spectrum
respectively.18 The FMR spectrum is characterized by its
resonance frequency f0 and its linewidth �f0 whose exper-
imental values can be extracted from the Im[U(f)]. We note
that in the case of MTs the measured values of f0 and
�f0 correspond to the excitation of the free layer mag-
netizations: CoFe/Py and CoFeB/Py for A-MTJ1and A-
MTJ2 respectively and Py for E-MTJ. The detection of the
FMR peak in the pinned layer requires higher fields that
have not been used here.
Figures 5(a)–(b) show the value of Im[U(f)] for

the amorphous tunnel junctions, AMTJ-1 and AMTJ-2,
respectively. Here we show he representative spectra at
low (5 K) and room temperature measured in an applied
field of �0Hap = 20 mT. On the one hand, at room tem-
perature the FMR frequency follows the Kittel equation
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Fig. 5. (a) Imaginary part of the FMR signal (see Ref. [18]) for two different temperatures measured in an applied field of 20 mT for A-MTJ1 and
(b) A-MTJ2. Resonance frequency versus magnetic field at 300 K (open symbols) and 5 K (full symbols) for A-MTJ1 (c) and for A-MTJ2 (d). The
inset in (c) shows the scheme of the MTJs, indicating the value of f0 measured corresponds to the uniform mode of the free layer magnetization.

f0 = 	
�0/2���	HK+MS+Hap�	HK+Hap�]
1/2, where 
 is

the gyromagnetic ratio (1�76 · 1011 s−1 T−1�, HK is the
anisotropy field and MS the saturation magnetization (see
Figs. 5(c–d)). On the other hand, f0 shifts to higher values
when the sample was cooled in zero magnetic field (ZFC).
From the Kittel equation we extracted the values of �0MS

and �0HK at room temperature. While for both tunnel
junctions the value of �0MS = 1�17 T the anisotropy field
changes from �0HK = 1�75 mT for A-MTJ1 to �0HK =

1�52 mT for A-MTJ2. The bulk of the free layer anisotropy
arises from the coupling of the pinned layer and the free
layer and reduction in the anisotropy field indicates a
reduction in this coupling. At low temperatures f0 follows
a Kittel-like behavior. However, the extraction of MS and
HK from the Kittel equation is not possible since the mag-
netization was not fully saturated in-plane.
These two facts are summarized in Figures 6(a)–(b),

where the contour plots of the resonance frequency as a
function of temperature and magnetic field in the 0 mT≤

�0Hap ≤ 60 mT field range is plotted.
We plot f0 versus temperature for the amorphous tun-

nel junctions at different applied fields in Figures 6(c)–(d).
Although the temperature dependences f0 (T � is less pro-
nounced for A-MTJ2 both samples reveal a well defined
“knee-like” enhancement below roughly TR ∼ 60 K.

Figures 7(a)–(b) show the contour plots of the free-
layer FMR linewidth (�f0� as a function of tempera-
ture and applied field for amorphous magnetic tunnel

J. Nanosci. Nanotechnol. 11, 1–12, 2011 5
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(c) Temperature dependent FMR peak for A-MTJ1 at three different applied fields (marked with white dashed lines in (a)). (d) Temperature dependent
FMR peak for A-MTJ2 at two different applied fields. Shadow regions in (c) and (d) indicate the “knee-like” enhancement of f0.

junction A-MTJ1 and A-MTJ2 respectively. As illustrates
Figures 7(c)–(d), �f0 versus temperature reveal an abrupt
variation close to TR. The A-MTJ1 linewidth gradually
increases with decreasing temperature down to TR. At this
point �f0 suddenly increases reaching a maximum value
at 25 K and then suddenly decreases at a value similar to
those measured at room temperature. On the other hand for
the A-MTJ2 the increasing linewidth with decreasing tem-
perature is observed down to TR, then an abrupt decreasing
in the linewidth is clearly observed below TR.

We should point out that the measured anomalous tem-
perature dependences in the FMR properties of Py lay-
ers in MTJs were found to be practically independent of
the field history. Since the same temperature dependences
were obtained with different field cooling conditions which
included a 3 T field cooling from 200 K to 4 K (not shown)
and ZFC (actual data). Therefore, we exclude any essential
influence of oxide formation in the ferromagnetic layer to
these temperatures dependences.
In order to compare the results with A-SL sample we

shall consider the A-MTJ2 whose free layer structure is
similar to the A-SL. Figures 8(a) and (c) respectively show
the f0 (T ) and the �f0 (T ) temperatures dependences mea-
sured at �0Hap = 20 mT. The temperature dependence of

f0 reveals a gradual increase with decreasing temperature
in both samples, however, a clear “knee-like” enhance-
ment at TR ∼ 60 K is observed in the tunnel junction
only. �f0 versus temperature does not reveal any sharp
anomalies in the temperature dependence for A-SL. The
fact that the Py free layer structure shows different tem-
perature dependences of the FMR response when inserted
in the multilayer structure evidences the strong influence
of the interaction between the free and the pinned layer on
the magnetization dynamics of the free layer.
Comparison between temperature dependent dynamic

response of Py layers in the epitaxial structures (E-SL and
E-MTJ) reveals again a gradual increase of the FMR fre-
quency with decreasing temperature and small changes in
�f0 with temperature, with values of about 0.2 GHz and
0.28 GHz for E-SL and E-MTJ respectively (see Fig. 8(d)).

4.2. Static Properties

The magnetization curves were measured cooling the sam-
ples in zero applied field to the lowest temperature (5 K),
followed by an application of the magnetic field after each
new temperature stabilization has been reached. The mag-
netization hysteresis loops were measured from 0.5 T to

6 J. Nanosci. Nanotechnol. 11, 1–12, 2011
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Fig. 7. Contour plots of the FMR linewidth (�f0� at different temperatures and applied fields for A-MTJ1 (a) and A-MTJ2 (b). Temperature depen-
dence of the �f0 at three different applied fields for A-MTJ1 (c) and A-MTJ2 (d).

−0.5 T (decreasing field branch) and from −0.5 T to 0.5 T
(increasing field branch) and each cycle has been com-
pleted at zero field.
Figure 9 illustrates the magnetization versus magnetic

field (M vs. H ) for A-MTJ2 and A-SL close to the temper-
ature where the “knee-like” enhancement in f0 is observed.
An unexpected deviation of the magnetization from sat-
uration values close to high field regions of 0.5 T is
apparent. In the following, we introduce M∗

S =M	0� 5 T)
value measured with the increasing field to describe quan-
titatively this anomalous behavior. In addition, we have
observed that the hysteresis loop corresponding to the fixed
layer reversal sharpens above 60 K (see differences in the
minor hysteresis loops close near −125 mT). This effect is
an indication of a possible reconfiguration of the magnetic
moments in the exchanged biased pinned layer. In the case
of the A-SL sample we observe an anomalous variation
on M∗

S but quantitative and qualitative different from the
observed in the multilayer structure.
These differences are summarized in Figure 10(a) for

tunnel junction structures and Figure 10(b) for single-
layer films. Here the value of M∗

S is normalized by its
value at low temperature (5 K) and is plotted as a func-
tion of the temperature close to the reorientation transition
temperature.

We observe that both amorphous MTJs show a peak and
a dip anomalies in temperature dependence of M∗

S close
to TR = 60 K. However, in the case of A-SL, E-SL and
E-MTJ samples we observe notably smaller and qualita-
tively different anomalies in M∗

S (T ) with a single peak
close to TR.
The temperature dependence of the coercive field for

A-MTJ1 and A-SL, where the normalized MS versus tem-
perature exhibits the more pronounced anomalies (peak
and dip for A-MTJ1 and maximum for A-SL). As
Figure 11 shows, A-MTJ1 presents a strong increase in
the coercive field with decreasing temperature. This effect
may be induced by a non-uniform single-domain particle
size distribution in the free layer of A-MTJ1.26 In the inset
of Figure 11 the derivative of the coercive field versus tem-
perature for A-MTJ1 data is shown where the kink close
to the reorientation transition is readily seen. Alternatively,
A-SL presents a constant value of the coercive field for
the temperatures studied.

5. MICROMAGNETIC MODELING OF THE
REORIENTATION TRANSITION IN
PERMALLOY FILMS

In this section we present results of the micromagnetic
modeling of Py films with surface anisotropy. Our goal

J. Nanosci. Nanotechnol. 11, 1–12, 2011 7
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is to demonstrate the most important consequences of the
temperature-induced spin reorientation transition for static
measurements.
The spin reorientation transition is often discussed in

the framework of a simplified model, assuming one mag-
netic moment approximation (see e.g., Refs. [27, 28]). If
� denotes the angle between the magnetization direction
and z-axis, the following expression describes the mag-
netic energetic balance in a thin film:

E=KsSasin
2�−KV sin2�−

1

2
�0M

2
S sin

2�=KeffV sin2�

(1)
Here Ks is the surface anisotropy value acting on the sur-
face layer with thickness a�S is the magnetic film surface,
V its volume and Ms is the saturation magnetization. The
last term describes the shape anisotropy of the magneto-
static origin. The appearance of the surface anisotropy is
typical for multilayer structures. It results from the pres-
ence of the lattice mismatch, internal stresses, the change
of electronic structure, the broken bonds and local spin
disorder. All these effects are difficult to describe and they
are normally embedded in a phenomenological concept of
the effective surface anisotropy.

The model is based on the assumption of the homoge-
neous magnetization in thin film under competing inter-
actions and, therefore, should be valid for ultra-thin films
only (film thickness below 4 nm for Py). Clearly, in this
approach the thin film magnetization can be described
using the effective anisotropy Keff idea. The spin reori-
entation transition occurs for Keff = 0. Naively, it could
be thought that near the reorientation transition the bulk
magnetocrystalline, the shape and the surface anisotropies
compensate each other and the coercive field vanishes. The
detailed analysis, however, shows that this is not true.
Indeed, detailed numerical modeling have shown that

even in ultra-thin films near the reorientation transition the
magnetization pattern can be very complex, consisting, for
example, in perpendicularly magnetized stripes.29–31 The
perpendicular magnetized stripes lead to almost zero mag-
netization near the transition point, the net magnetization
then can be considered as decoupled from the Zeeman
field and, therefore, the maximum of the coercivity could
be expected. As we see, below, this is indeed true in our
simulations performed for thin films with thickness above
exchange correlation length 4 nm.
Our modeling is based on a standard 3D micromagnetic

approach with cubic discretization, implemented in our

8 J. Nanosci. Nanotechnol. 11, 1–12, 2011
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Fig. 9. (a) Magnetization versus magnetic field for A-MTJ2 sample
measured at three different temperatures near TR . (P) denotes the paral-
lel state and (AP) the antiparallel state of the sample. (b) Magnetization
curves for A-SL sample near TR . The inset shows the zoom image of the
magnetization curve near the saturation region.

proper code Microm where the magnetostatic energy cal-
culation is performed via the DADI approach.32�33 Namely,
the Py thin film was modeled as a slab of 600× 600×
25 nm with periodic in-plane boundary conditions to get a
correct thin film demagnetizing field. The energy was min-
imized by the integration of the Landau-Lifshitz-Gilbert
equation of motion. The following parameters, obtained
from the experimental data, were used for the bulk Py: the
low-temperature saturation magnetization �0MS = 1�17 T,
anisotropy field HK = 1�75 mT (anisotropy axis paral-
lel to X), the exchange parameter A = 10−11 J/m� the
Curie temperature TC = 869 K. The surface anisotropy
was introduced via an additional layer of 3 nm where the
anisotropy on the surface was introduced either perpendic-
ular to the Py thin film or with randomly distributed easy
axes. We estimated the surface Curie temperature from the

Fig. 10. Temperature dependence of M∗

S normalized by its value at 5 K
near the spin reorientation temperature for magnetic tunnel junctions
(a) and single-layer films (b). The insert in (a) show the zoom images
for the E-MTJ sample.

loss of nearest neighbors on the surface (T s
C = 507 K).

The zero-temperature surface anisotropy value Ks and its
Curie temperature T s

C were taken as adjustable parame-
ters. The magnetization dependence on temperature was
evaluated via the Langevin function and the anisotropy –
via the common relation from the Callen-Callen theory34

K	T � ∝ M 3	T �, the temperature dependence of the sur-
face anisotropy is not known. However, for the case when
the surface anisotropy is much stronger than the bulk
anisotropy (as in Py) it has been show to scale with the sur-
face magnetization following the same Callen-Callen law35

Ks	T � ∝M3
s 	T �. This is the assumption that we adopt in

the present simulation.
In Figure 12 we present the results of the coercive

field value as a function of temperature in two mod-
els. In model A the surface anisotropy value was taken
from a coherent rotation model (see Eq. (1)). Requiring
the temperature-induced magnetization reorientation (from
out-of-plane to in-plane) to occur in Eq. (1) at TR =

60 K, this approach gives the surface anisotropy value
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Fig. 11. Coercive field versus temperature for A-MTJ1 and A-SL sam-
ples. The inset shows the derivative curve of the coercive field for
A-MTJ1. The arrow indicates the weak anomaly in the coercive field.
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Fig. 12. Modelling results of the coercive field as a function of temper-
ature in a Py thin film with surface anisotropy.

Ks(T = 0�= 1�3×106 J/m3. Thus, in model A we assume
this value of the surface anisotropy and perform 3D micro-
magnetic simulations. The simulations indicate that the
coherent rotation approximation is not valid, since the
thickness of the Py thin film is sufficient to fit the domain
wall. In fact, the surface layer acts as a pinning layer with
perpendicular anisotropy, producing an “exchange-spring”
effect (see Fig. 13(a)), responsible for the fact that the
coercive field is very slowly dependent on temperature in
low temperature range. The reorientation transition occurs
at much higher temperature TR = 450 K, at which a strong
increase of the coercive field is observed. This increase
is associated with the competition between different mag-
netic contributions (surface magnetic anisotropy against
in-plane magnetocrystalline and shape anisotropies), lead-
ing to a creation of the “ripple-like” structure on the sur-
face (see Fig. 13(b)). This structure is the reminiscence of
the perpendicular domain structure reported for ultra-thin
films.29–31 The presence of these structures explains the
necessity of a larger saturating field for temperatures close
to the reorientation transitions, at higher temperatures all
spin moments lay in plane.
Although qualitatively model A gives us an insight into

the spin-reorientation micromagnetic behavior, the spin
reorientation temperature is very high. Model B is the
result of the fitting procedure of the micromagnetic model
aiming to produce the surface anisotropy parameter result-
ing in the reorientation transition at TR = 60 K. Thus,
we vary the surface anisotropy value until the results
match the experimentally observed reorientation temper-
ature. The corresponding value was found to be Ks	T =

0�= 3�4×105 J/m3 (approximately 1000 times larger than
that of the Py). The increase of the coercive field in this
model is much more pronounced than that in model A.
The magnetic moment configurations below TR are the
same as presented in Figure 13(a) and at TR – as in
Figure 13(b). Additionally, when we included random easy

(a)

(b)

Fig. 13. Part of the magnetic moment configurations corresponding
to the simulated remanence of Py magnetic thin films with surface
anisotropy in the model A (a) T = 300 K (ZX plane view) (b) T = 450 K
(ZY plane view, spin reorientation transition).

axes distribution on the surface, this gave a possibility to
tune the absolute value of the maximum coercive field.
Our results indicate that the spin reorientation transition

is associated with a maximum of the coercive field. This
happens due to the fact that exactly at this moment the
overall anisotropy (including of the magnetostatic origin)
is zero. When comparing the results with the experimental
ones, it should be noted that in reality Py has a polycrys-
talline structure in most samples, where the distribution
of local properties may smear out the observed behavior.
However, the trace of the maximum of the coercive field is
seen in Figure 11 in A-MTJ1 sample. The real maximum is
probably hidden by the sharp increase of the coercive field
due to the strong dipolar coupling (via orange peel cou-
pling) between the free and the pinned layer. However, the
anomaly clearly seen in the derivative occurs at the same
place and with the same magnitude as seen in model B. For
the A-SL sample, as well as for E-SL and E-MTJ, which
are not shown here, the measured coercive field is almost
independent of temperature. This is in accordance with the
modeling result and may be interpreted as a reorientation
transition above room temperature.

6. DISCUSSION

We start the discussion with a brief resume of previous
findings. Initial investigations of the temperature depen-
dent dynamic properties in polycrystalline Py films grown
on SiO2 substrates with film thicknesses ranging from
1.5 to 15 nm was reported in 1967.19 The authors inves-
tigated the ferromagnetic resonance linewidth from 300 K
down to 4.2 K observing a maximum value around 80 K,
whose amplitude enhanced with a surface oxidation pro-
cess in the top interface of Py. The anomalies in the FMR-
linewidth were explained in terms of valence exchange
and exchange anisotropy mechanisms influences by sur-
face oxidation. Diaz de Sihues et al.20 studied the temper-
ature dependence of the ferromagnetic linewidth as well
as FMR frequency in polycrystalline Ni50Fe50 films grown

10 J. Nanosci. Nanotechnol. 11, 1–12, 2011
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on SiO2 substrates with film thicknesses from 6 to 15 nm.
Both, the FMR frequency and linewidth exhibited a maxi-
mum around 100 K. These experimental observations were
explained in terms of a thermally induced spin reorienta-
tion transition at the Py interface due to variations of the
surface anisotropy with temperature. Recently,22 a simi-
lar variation in 25 nm single-layer Py films and unusually
strong temperature dependences when Py was inserted into
MTJs at low temperatures has observed. These observa-
tions were also interpreted within the frame of a thermally
induced spin reorientation transition of the interface’s mag-
netic moments. These initial investigations create a num-
ber of questions that has to be clarified, particularly how
temperature dependent dynamic and static properties of
Py change when this films forms part of different multi-
layer stacks such as epitaxial MTJs, when it is grown with
some preferential crystallographic orientation or when Py
is grown over epitaxial layers. Our new experimental find-
ings resolve some of the above points but also raise a
few questions which will be addressed in forthcoming
publications.
Let us first focus on the static and dynamics proper-

ties of the samples when Py is deposited on amorphous
substrates and is inserted into a tunnel junction struc-
ture (A-MTJ1 and A-MTJ2). These MTJs show quali-
tatively similar temperature dependences in both static
(peak followed by dip in saturation magnetization M∗

S 	T �

with increasing temperature close to 60 K) and in their
dynamic (“knee”-like change of FMR resonance frequency
measured at fixed field for temperatures around 60 K)
properties (see Figs. 6 and 10(a)). However, the effect
is quantitatively less pronounced in the A-MTJ2. As we
have mentioned above, the HRTEM images reveal that
A-MTJ2 sample has substantially greater (111) textured
than A-MTJ1, which is an indication on the inverse corre-
lation between the degree of the Py texture and the mag-
nitude of the low temperature anomalies in these MTJs.
Indeed, a highly textured Py layer should posses an addi-
tional magnetocrystalline anisotropy partially suppressing
the thermally induced reorientation transition.
On the other hand, static and dynamic properties of free

Py layers are quantitatively and qualitatively different in
comparison to those observed when Py is inserted into the
tunnel junction (compare result in A-SL and in A-MTJ2,
Figs. 7 and 9). These differences have been explained
before by considering possible influence of the dipolar
coupling between the free and the pinned layer on the
spins at the interfacing barrier layers when temperature is
changed trough T-SRT.22 The TEM images show indeed
the presence of anticorrelated roughness regions along the
Al2O3 barrier which may induce an antiferromagnetic cou-
pling between the free and the pinned layer.36 Within this
scenario the main low temperature experimental features
are understood as a consequence of competition between
dipolar coupling and the thermally induced reorientation

transition. While for T < TR the magnetic moments are
out-of plane in both the free and pinned layer interfaces,
these are in-plane for T >TR. However, at T∼TR it is possi-
ble to have non-equilibrium magnetic configuration in the
anticorrelated regions that explain the knee-like enhance-
ment in dynamics and the peak and the dip anomaly in
static magnetic response (for more details in this model
see Ref. [22]).
Thermally induced spin reorientation transition is quan-

titatively and qualitatively different for A-SL, E-SL and
E-MTJ in comparison to A-MTJs. All these samples
show similar temperature dependences in both static
(peak anomaly) and dynamic properties (f0 increases
with decreasing temperature and small deviations of the
linewidth respect to its constant value). From the X-Ray
analysis we observe that Py is (111) textured in the A-SL
and polycrystalline for the epitaxial substrates. In order to
understand our experimental results, we suggest that crys-
tallinity of Py layers depends on their proximity to the
fully epitaxial MgO layer. This is, indeed, confirmed by
the TEM images, where one observes a Py highly (111)
textured very close to the MgO layer. In our view, the ther-
mally spin reorientation transition in these Py films is still
present at T = TR, producing the peak anomaly in the static
magnetic properties. For T > TR all the magnetic moments
in the interface are in-plane while the surface spins push
out-of-plane at T < TR. However, the spin reorientation
transition here is weak due to the crystalline character of
Py at the interface with MgO which also induces mag-
netocristalline anisotropy. This is in good correspondence
with our previous data for polycrystalline Py interfaces
(Py/SiO2�, where the thermally induced spin reorienta-
tion transition is qualitatively similar but much more pro-
nounced in both the static and the dynamic properties22

in comparison with new experimental results in the tex-
tured Py interfaces (Py/MgO). Finally, we note that peak in
static magnetic properties is slightly shifted to higher tem-
peratures in the epitaxial tunnel junction. Here, the dipolar
coupling is much weaker in comparison with amorphous
junctions due to the thicker barrier (5 nm for epitaxial bar-
rier compared with 1.8 nm for the amorphous one). Some
weak Néel coupling could however, influence the T-SRT in
MTJs with MgO barrier changing value of TR or influenc-
ing the non-equilibrium magnetic configuration at interface
near T = TR.

The micromagnetic simulations have been performed
in Py thin films with surface anisotropy. Strong surface
anisotropy was shown to be responsible for the “exchange-
spring” effect, leading to slow dependence of the coercive
field on temperature at low temperatures. The reorienta-
tion transition produces a strong disorder on the surface,
associated with the maximum of the coercive field. This
maximum could be potentially traced as some anomaly
in the coercive field behavior of A-MTJs, however, hid-
den by the Py properties distribution, such as grain size,

J. Nanosci. Nanotechnol. 11, 1–12, 2011 11
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anisotropy, defects and magnetic interactions. A similar
effect (competition between different energy contributions
leading to an additional disorder) should be responsible for
the maximum of the FMR linewidth.
In Conclusion, static and dynamic properties of thin

Py films grown on insulating substrates or as a part of
magnetic tunnel junctions reveal changes at low temper-
atures which could be attributed to a thermally induced
spin reorientation transition. It is observed that the mag-
nitude of this transition in both the magnetization dynam-
ics and in the static magnetization notably depends on
the microstructure of Py, which is influenced by the crys-
talline texture of the layers on which films are grown, The
bulk of our main results suggest these effects could be a
general characteristic for very different structures which
incorporate Py films, even those with Py grown on super-
conducting substrates [compare data for samples A and B
in Fig. 4, of Ref. [37])]. Further detailed studies including
detailed nanoscale analysis, such as neutron spectroscopy,
however, are needed to reveal details of changes which
occur in Py at low temperatures.
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