
 

 

 University of Groningen

Nitride-based insulating and magnetic thin films and multilayers
Borsa, Dana Maria

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2004

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Borsa, D. M. (2004). Nitride-based insulating and magnetic thin films and multilayers. [Thesis fully internal
(DIV), Groningen]. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/a667d5ad-8d0b-4eda-80c7-130ef5315665


7 Multilayers−magnetic and
transport properties

7.1 Introduction

The possibility of electron tunneling in multilayer structures was revealed back
in the 1930’s. Since then, much research in many areas was dedicated to this
phenomenon. A multilayer stack of two metals separated by a thin insulating
layer (barrier) is known as a tunnel junction (M/I/M). If the metals are also
ferromagnetic materials, then the structure is called a magnetic tunnel junc-
tion (MTJ). The electron spin dependent tunneling between two ferromagnets
in a MTJ, can result in a large tunnel magnetoresistance (TMR) at room tem-
perature. The first observation of this effect was made by Jullière [2] already
in 1975. However, since then, reliable room temperature TMR values were
reported only in 1995 [4]. Over the past decades, this field attracted, and still
does attract a lot of interest from a fundamental point of view and in view of
possible applications [1] in non−volatile Magnetic Random Access Memories
(MRAMs) and next−generation magnetic field sensors.

There is a continuous challenge in understanding and improving the prop-
erties of MTJs. The development of new types of MTJs is stimulated by the
prospect of obtaining huge TMR effects.

In this research, the work was focussed on the development of novel mag-
netic tunnel junctions having γ ′−Fe4N or Fe as magnetic electrodes and Cu3N as
a barrier. Despite the huge amount of research dedicated to magnetic tunnel
junctions, so far, the possibility of using γ ′−Fe4N or Fe in combination with
Cu3N for the fabrication of magnetic tunnel junctions was never investigated.
Cu3N is a semiconductor with a small bandgap of ∼1.65 eV [49]. This can be
an advantage to obtain MTJs with a low resistance. The growth, structural
and interfacial properties of [(γ ′−Fe4N, Fe)/Cu3N/ (γ′−Fe4N, Fe)] multilayer
structures were extensively discussed in the previous chapter. The magnetiza-
tion reversal process and the transport properties in (iron nitride, Fe)/copper
nitride multilayers and in 0.6×0.6 mm2 and 1.6×1.6 mm2 [Fe/Cu3N/(γ′−Fe4N,
Fe)] magnetic tunnel junctions will be discussed in this chapter.
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96 7 Multilayers−magnetic and transport properties

7.1.1 Background

Relevant for a tunnel junction is the electron tunneling from one electrode
to the other electrode as a function of the voltage applied on the junction.
Though classically forbidden, from a quantum mechanical point of view there
is a finite probability for an electron wave to cross a potential barrier. Con-
sider a metal/insulator/metal structure with an applied bias voltage V. Due
to the applied voltage, the Fermi level of one of the electrodes will shift by eV
with respect to the other one (Fig. 7.1). The tunneling current from the left

Figure 7.1: Potential diagram for a M(etal)/I(nsulator)/M(etal) structure with an
applied bias eV : dark grey areas represent filled stated, light grey areas represent
empty states and the open area represents the forbidden gap in the insulator.

electrode (l) to the right electrode (r) depends on the density of states at a
given energy in the left electrode, %l(E), the density of states at the same en-
ergy in the right electrode, %r(E+eV ), the probability of transmission through
the barrier expressed as the square of a matrix element |M |2, as well as the
probabilities that the states in the left electrode are occupied and the states
in the right electrode are empty. These probabilities can be expressed by the
Fermi−Dirac function as f(E) and [1 − f(E + eV )]. The tunneling current
from the left electrode to the right electrode is then given by:

Il→r(V ) =

∫
+∞

−∞

%l(E)%r(E + eV )|M |2f(E)[1 − f(E + eV )]dE (7.1)

and the total current can be expressed as Il→r−Ir→l. For a trapezoidal barrier
of average height ϕ, Simmons [102] expressed the tunnel current density as a
function of the barrier thickness, d, the average barrier height, ϕ and the bias
voltage V . The calculated current density is shown in equation 7.2:

J(V ) =
J0

d2
(ϕ− eV

2
) exp[−Ad

√
ϕ− eV

2
] − J0

d2
(ϕ+
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) exp[−Ad

√
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]

(7.2)
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With A=10.25 eV−0.5 nm−1 and J0=6.2×108 eV−1 nm2 as constants, J is
expressed in A/cm2. It is straightforward to see that at very low voltages,
the current density is linear in voltage, while at moderate voltages it can be
approximated as: J∼αV + βV 3. For larger voltages, the dependence becomes
rapidly non-linear. Therefore, a non−linear (I−V) characteristic is a sign of
a tunneling phenomena in a metal/insulator/metal structure. The current
density obtained by Simmons can be applied only for symmetric structures
(the left electrode and the right electrode are identical). For asymmetrical
structures, the current density was calculated by Brinkman [103].

Due to the approximations involved, none of the above models show any
dependence on the type of barrier (intrinsic properties) or electronic density
of states of the electrodes. Later on, it was proved that the electronic density
of states do play a significant role [104, 105, 106]. Moreover, it was shown
that tunneling is specifically sensitive to the local density of states at the
electrode−barrier interface. In a magnetic tunnel junction, due to the fer-
romagnetic nature of the electrodes, the tunneling is spin dependent giving
rise to a magnetoresistance effect: the junction resistance depends on the rel-
ative orientation of the magnetization in the top and the bottom layer. The
magnetoresistance of a tunnel junction can be measured only if the magne-
tization directions of the top and the bottom layer can be switched from a
parallel orientation to an antiparallel orientation. An antiparallel alignment
can be obtain by using materials with a different coercive field (a soft−hard
system) or by exchange−coupling one of the layers to an antiferromagnet
(exchange−biasing). The tunnel magnetoresistance (TMR) is expressed as
the difference in resistance between the antiparallel (R↑↓) and parallel (R↑↑)
magnetizations, normalized by the parallel resistance:

TMR =
R↑↓ −R↑↑

R↑↑

(7.3)

According to Jullière’s model [2], TMR depends only on the spin polariza-
tions in the left (Pl) and the right (Pr) ferromagnetic electrode as:

TMR =
2PlPr

1 − PlPr

(7.4)

Despite a reasonable agreement between the TMR values measured exper-
imentally and the values predicted by Jullière’s model, the model can only
give an estimation of the TMR when the spin polarizations are known. A
comparison for different junctions is given in Table 7.1. Experimentally it was
found that both the sign and the magnitude of the spin polarization are not
only dependent on the ferromagnetic electrode but also on the type of barrier
and the atomic and electronic configuration of the interfaces [107, 108]. MTJ
were fabricated with a wide variety of ferromagnetic conductors including Fe,
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Table 7.1: Comparison between experimental TMR values (measured at low tem-
peratures) and the values predicted from Julliere’s model. The spin polarization (P)
values as measured by SPT (spin polarized tunneling) measurements using struc-
tures with identical barriers are also given. LSMO stands for La 2

3
Sr 1

3
MnO3.

MTJ TMR (%) TMR (%) P (%)
[measured] [estimated]

Ni/Al2O3/Ni 23 25 31-33
Co/Al2O3/Co 37 42 42
Co75Fe25/Al2O3/Co75Fe25 69 67-74 50-52
LSMO/SrTiO3/LSMO 400 310 78

CoFe, Ni, Ni60Fe40, La0.66Sr0.33MnO3, Co or even with ferromagnetic semicon-
ductors such as GaMnAs. The choice of insulating materials for fabricating
the barrier was very much focussed in the beginning on Al2O3, but over the
last years many other oxides (e.g. MgO, Ga2O3, SrTiO3, NiO, HfO2, Ta2O5)
or non−oxides (e.g. AlN, AlAs, BN, ZnS) were also considered. An overview
of different types of MTJs and the measured TMR is given in Table. 7.2.
However, understanding the fundamental aspects of how such a magnetic tun-

Table 7.2: Experimental TMR values for different types of MTJs. The measuring
temperature is given in the brackets. ′′Type′′ labels the type of crystalline structure
in the M(etal)/I(nsulator)/M(etal) junction as follows: E/E/E−all epitaxial and
A/A/A−all amorphous. LSMO stands for La 2

3
Sr 1

3
MnO3.

MTJ TMR (%) Type Ref.
Ni60Fe40/Al2O3/Co 47 (RT) A/A/A [5]
CoFe/Al2O3/Co 24 (4.2 K) A/A/A [4]
Co75Fe25/Al2O3/Co75Fe25 69.1 (4.2 K) A/A/A [6]
LSMO/SrTiO3/LSMO 1850 (4 K) E/E/E [11]
Fe/MgO/FeCo 60 (30 K) E/E/E [109]
Fe/MgO/Fe 100 (80 K) E/E/E [110]
GaMnAs/AlAs/GaMnAs 75 (8 K) E/E/E [111]
MnAs/AlAs/MnAs 1.4 (10 K) E/E/E [112]
CoFe/ZnS/CoFe 5 (RT) A/A/A [113]

nel junction functions is still limited by the complicated interplay of interfaces
and structure in non−epitaxial structures. For fully epitaxial junctions, such as
Fe/ZnS/Fe [108, 8] or Fe/MgO/Fe [9, 10], detailed theoretical approaches were
possible, and the results in terms of magnetoresistance were predicted to be
very high (in the 1000 % range). To date, the measured TMR values for these
epitaxial systems are still modest as compared with the theoretical predictions.
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Up to now, the performances of fully epitaxial [γ ′−Fe4N/Cu3N/γ′−Fe4N] and
[Fe/ Cu3N/Fe] magnetic tunnel junctions were not investigated, although they
might have potential for applications.

7.2 Experimental details

[Fe/(γ′+Fe)/Cu3N/γ′−Fe4N], [Fe/Cu3N/γ′−Fe4N] and [Fe/Cu3N/Fe] multi-
layers were grown on 10×10 mm2 MgO substrates. The growth procedure
and the structural properties are described in detail in the previous chapter.
The magnetic switching behavior in these metal/insulator/metal multilayers
was investigated first with VSM. Furthermore, magnetic tunnel junctions were
fabricated using a shadow mask integrated in the UHV system. The mask is
a flat 0.2 mm thick stainless steel plate mounted on a holder attached to the
goniometer head. The distance between the mask and the substrate is 0.5 mm.
Two separate frames were laser cut in the stainless steel plate: Frame I as a
square opening of 8×8 mm2 in size, and Frame II having eight 0.6×0.6 mm2

and six 1.6×1.6 mm2 square openings. First, the bottom magnetic layer (Fe
or γ′−Fe4N) was grown directly on the 10×10 mm2 MgO substrate, followed
by the growth of a thin Cu3N barrier with the shadow mask in the position
corresponding to Frame I. Last, the top magnetic layer (Fe for all junctions)
was grown with the mask in the position corresponding to Frame II.

Eight 0.6×0.6 mm2 (′′small′′ juctions) and six 1.6×1.6 mm2 (′′big′′) junc-
tions were grown in one deposition step. A schematic drawing of a structure
grown with the shadow mask is shown in Fig. 7.2. Two types of junctions were
grown in this way: type I−having as bottom layer γ ′−Fe4N(grown at 350◦C)

Figure 7.2: Layout of a structure grown by MBE using a shadow mask system.
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and as top layer Fe (grown at RT), and type II−with both the top and the
bottom layer made of Fe (grown at RT). In all the junctions, the thickness of
the magnetic layers was 15 nm and the thickness of the semiconducting bar-
rier was estimated to be ∼5.3 nm. The growth parameters and the properties
of the γ′−Fe4N and Cu3N layers as well as [Cu3N/γ′−Fe4N] and [Cu3N/Fe]
bilayers were extensively discussed in the previous chapters. The Cu3N layer
was grown also at room temperature.

The room temperature transport properties were obtained by measuring
the (I−V) characteristics in a two−point geometry. The magnetic switching
behavior for the ′′small′′ and the ′′big′′ junctions of [15 nm Fe/5.3 nm Cu3N/15
nm γ′−Fe4N] (junction type−I) and [15 nm Fe/5.3 nm Cu3N/15 nm Fe] (junc-
tion type−II) was investigated with MOKE.

7.3 Results and discussion

7.3.1 Magnetic properties

The switching behavior in a (soft−hard) multilayer stack is schematically
shown in Fig. 7.3. The solid line corresponds to the case where the ferromag-
netic layers are switching independently, whereas the dashed line corresponds
to the situation when a small ferromagnetic coupling is present. For an antifer-
romagnetic coupling, the hard layer will switch at a higher coercive field than
without coupling. All the multilayers grown so far were designed as a soft−hard
system. In all the magnetic measurements, the magnetic field was applied in
the [001] crystalline direction of the MgO substrate. Previous magnetic mea-
surements on epitaxial γ ′−Fe4N films grown on (001) MgO substrates show a
well−defined biaxial magneto−crystalline anisotropy. The easy axis of mag-
netization is along the [001] crystallographic direction, while the coercive field
values measured in the easy axis direction increase with increasing film thick-

Figure 7.3: Schematic drawing of a stepped hysteresis loop. The coercive fields for
the soft and the hard layers are H1 and H2, respectively. The solid line shows the
hysteresis loop for no coupling. The dashed line shows the hysteresis loop if a small
ferromagnetic coupling is present.
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ness. For a 15 nm thick γ ′−Fe4N film, the value of the coercive field was found
to be around 40 Oe (see chapter 4). Figure 7.4 (b) and (c) show the measured
hysteresis loops for 10×10 mm2 multilayers of [Fe/(γ ′+Fe)/Cu3N/γ′−Fe4N]
and [Fe/Cu3N/γ′−Fe4N]. The loop in Fig. 7.4 (a) corresponds to a [Cu3N/17
nm γ′−Fe4N] bilayer. For all the other multilayers, the thickness of the bottom

Figure 7.4: Room temperature VSM hysteresis loops measured for different types
of structures as indicated on the right side of the figure.

γ′−Fe4N layer is of about the same thickness as in the bilayer structure. Con-
sequently, the loop displayed in (a) can be taken as a kind of reference switch-
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ing behavior for a single layer of γ ′−Fe4N. Both loops in Fig. 7.4 (b)(similar
multilayer structure, but different thicknesses of the barrier layer) display a
more complicated switching behavior than the one corresponding to the single
layer. From the shape of the loops as well as the switching field correspond-
ing to the hard layer (the bottom γ ′−Fe4N layer), we can conclude that the
top and the bottom magnetic layers are antiferromagnetically coupled across
the non−magnetic Cu3N layer. For the [Fe/Cu3N/γ′−Fe4N] multilayer, as
shown in Fig. 7.4 (c), again an antiferromagnetic coupling is observed, but the
strength of the coupling is much smaller than for the other multilayers.

For the MOKE measurements on the junctions, the size of the laser spot
was reduced by a ′′pinhole′′, to be around 0.1 mm in diameter (a factor of six
smaller than the size of the smallest junctions). The laser spot was focussed on
all the individual junctions. Consequently, these measurements made possible
to probe locally the magnetic properties in our magnetic tunnel junctions. For
both types of junctions, three set of measurements were performed: (a) with

Figure 7.5: MOKE measurements for a [15 nm Fe/5.3 nm Cu3N/15 nm γ′−Fe4N]
tunnel junction: (a) measurement on the 0.6×0.6 mm2 junctions and (b) on the area
between the complete junctions (the [Cu3N/γ′−Fe4N] region).
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the laser spot on the 0.6×0.6 mm2 junctions, (b) on the area between the
complete junctions, which corresponds to the [Cu3N/(γ′−Fe4N or Fe)] regions,
and (c) on the 1.6 ×1.6 mm2 junctions. Typical results corresponding to the
first two situations described above as measured for the [15 nm Fe/5.3 nm
Cu3N/15 nm γ′−Fe4N] junctions are given in Fig. 7.5. As shown in Fig. 7.5
(b), the hysteresis loop measured on the bottom γ ′−Fe4N electrode is square,
with a coercive field of about 42 Oe. This value agrees well with values pre-
viously measured on similar films (see chapter 4). For the ′′small′′ junctions,
a well defined stepped hysteresis loop was measured (Fig. 7.5 (a)). A detailed
inspection of the stepped hysteresis loop reveals that the hard layer (bottom
γ′−Fe4N) in the junctions is switching at a slightly higher coercive field than
the one corresponding to a single layer of γ ′−Fe4N. This result suggests the
presence of an antiferromagnetic coupling between the ferromagnetic layers.
This is in accordance with the assumption that the coupling is via the stray
fields at the sides of the sample. For the ′′big′′ junctions (not shown), a ferro-
magnetic coupling was found. This could be due to the presence of pinholes.
The magnetic switching behavior was also investigated for the [Fe/Cu3N/Fe]
junctions. For all the junctions, only square hysteresis loops were measured,
as expected since the thickness of the bottom and the top layer is the same.

7.3.2 Transport properties

The (I−V) characteristics measured for two 1.6×1.6 mm2 [Fe/Cu3N/γ′] junc-
tions are shown in Fig. 7.6. These two junctions have the bottom layer (bottom
electrode) and the barrier as a common layer; the top layer (top electrode) was
evaporated through different holes in the same mask (see Fig. 7.2). Each bar-
rier shows a clear non−linear conduction behavior, which could be taken as
a sign of tunneling. Despite of having asymmetric junctions (different top
[Fe] and bottom electrode [γ ′−Fe4N]), the measured (I−V) characteristics are
only slightly asymmetric. As shown in Fig. 7.6, the shape of the (I−V) curve
changes from one junction to the other one. This indicates a thickness and
barrier height variation for the two barriers. From a Simmons’s fit to the
current−voltage dependence (corresponding to the ′′big junction′′ II), we found
that the effective thickness and height of the Cu3N barrier were 4 nm and 1.73
eV respectively. The optical band gap for Cu3N thin films was measured by
ellipsometry to be around 1.65 eV.

The resistance of this junction was ∼21 MΩ (measured at 0.1 V). Taking
into account the area of the junction, we can estimate a resistance×area prod-
uct (RA) of 54×103 GΩµm2. This value is still a factor of 1000 higher than
the RA values in the GΩµm2 range, which were reported earlier for different
type of magnetic tunnel junctions of much smaller dimensions and with thinner
barriers. Due to the exponential dependence of the resistance on the thick-
ness of the barrier, lower RA values could be obtained with thinner barriers.
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Figure 7.6: (I−V) characteristics for two 1.6×1.6 mm2 [15 nm Fe/5 nm Cu3N/15
nm γ′−Fe4N] tunnel junctions.

The lowest RA values reported so far are around 60 Ωµm2 [5]. These values
are low enough for MRAM and sensor applications but they are still too high
for magnetic-recording read heads applications. Transport measurements were
performed also on the 1.6×1.6 mm2 [15 nm Fe/5.3 nm Cu3N/15 nm Fe] junc-
tions. Resistances varying in the KΩ→MΩ range were first measured. How-
ever, electrical shortcut of the junctions occurred at very low voltages, which
resulted in an ohmic (I−V) dependence. It is known that MBE grown Fe films
on MgO substrates are rough. Very likely, the thickness of the Cu3N barrier
was too small to compensate for this roughness.

As shown in the previous section (7.3.1), in the ′′small ′′ [Fe/Cu3N/γ′] junc-
tions, the top and the bottom ferromagnetic layers are switching at a different
coercive field. Consequently, both parallel and antiparallel alignment of the
orientation of the magnetization in the ferromagnetic layers is obtained. Sepa-
rate magnetic switching is needed to observe a magnetoresistance effect. Before
performing the magnetoresistance measurements on the ′′small ′′ junctions, a
test two−point resistance measurement was done. Two of the measured junc-
tions showed a resistance of 2.5 KΩ. This corresponds to a RA product of
0.9 GΩµm2. Though electrically intact, our junctions showed no measurable
magnetoresistance. The lack of magnetoresistance could be due to a too thick
barrier. Moreover, as shown in chapter 6, at the Cu3N/γ′−Fe4N interface, it
is very likely that a non−magnetic interlayer is present. This could also have
a negative effect on the magnetoresistance.
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7.4 Conclusions

The magnetic switching behavior in 10×10 mm2 [γ′−Fe4N/Cu3N/γ′−Fe4N]
and [Fe/Cu3N/γ′−Fe4N] structures was investigated. In all cases, the ferro-
magnetic layers are found to be antiferromagnetically coupled across the thin
Cu3N layer. ′′Small′′ ([0.6×0.6] mm2) and ′′big′′ ([1.6×1.6] mm2) [Fe/Cu3N/γ′]
and [Fe/Cu3N/Fe] magnetic tunnel junctions were fabricated. For the asym-
metric structures, MOKE measurements revealed the presence of an antiferro-
magnetic coupling only for the ′′small′′ junctions. This is in accordance with
the assumption that the coupling is via the stray fields at the sides of the sam-
ple. Transport measurements on 1.6×1.6 mm2 [15 nm Fe/5.3 nm Cu3N/15 nm
γ′−Fe4N] junctions point to a transport mechanism due to tunneling. From a
fit to the (I−V) dependence, the effective thickness and height of the Cu3N bar-
rier were estimated to be 4 nm and 1.73 eV, respectively. Despite this, at room
temperature, none of the junctions showed a measurable magnetoresistance ef-
fect. Possibly, this is due to a too thick barrier or dirty interfaces. The system
needs to be optimized further.
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