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TEMPERATURE EFFECT
ON MAGNETORESISTIVE PROPERTIES
OF Fe AND Co ISLAND FILMS

Magnetoresistive properties of ultrathin Fe and Co films with effective thicknesses d = 3+30 nm
are studied in a temperature interval of (150-700) K. For films with d = 3+10 nm, the elec-
trical conductivity is found to be thermally activated and the tunnel magnetoresistance effect
is revealed. A decrease of the temperature down to 150 K in measurements on as-condensed
films is found to result in the appearance of the magnetoresistive hysteresis and a reduction
of the tunnel magnetoresistance (TMR) in a thickness interval of 10-15 nm. The mazimum
TMR wvalue in the fields up to 0.7 T amounted to 1% for the as-condensed Fe films with an
effective thickness of 17 nm and the Fe films with an effective thickness of 8 nm annealed at
a temperature of 520 K.

Keywords: island film, tunnel magnetoresistance, spin-dependent tunneling, thermally in-

duced conductivity.

1. Introduction

Interest in ultrathin metal films is related to the facts
that, first, they are an initial phase of condensation
of film objects (the initial stage of film growth) and,
second, they are objects demonstrating specific elec-
trophysical properties, if this growth stage is stabi-
lized. As in the case of granulated metal-insulator
composites [1-3]|, the spin-dependent tunneling of
electrons is also possible in island films, which can
be of interest for applications (magnetic devices for
increasing the memory density, sensors of physical pa-
rameters, and other elements of nanoelectronics and
spintronics [4, 5]).

The specific features of magnetoresistance in ultra-
thin films follow from their island structure. Vacuum
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gaps interfere the direct ferromagnetic exchange be-
tween neighbor islands, but allow the electron tunnel-
ing between them. The tunneling probability depends
on the magnetization vector orientation in neigh-
bor islands and is sensitive to the applied magnetic
field. It is maximum, when the magnetic moments
in adjacent granules are oriented in parallel, i.e. the
spin-dependent conductivity is realized, which results
in the appearance of the tunnel magnetoresistance
(TMR) effect [6,7]. The magnitude of tunnel magne-
toresistance substantially depends on the properties
of dielectric barriers between ferromagnetic particles,
including the properties of the ferromagnet-insulator
interface. Since the TMR in granular composites is
determined only by the spin-preserving charge tun-
neling, the processes of tunneling through barriers,
when the spins of charge carriers are not preserved,
do not contribute to the magnetoresistance.
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The issue concerning the influence of the tempera-
ture on the TMR magnitude is also challenging. The
authors of works [8-10] assumed that the spin polar-
ization is proportional to the magnetization of a sur-
face layer in ferromagnetic particles, and it diminishes
under the influence of spin-wave excitations as the
temperature increases. As a result, the TMR mag-
nitude decreases, as the temperature grows. Another
factor that governs a change of the magnetoresistance
at the temperature growth is the presence of parallel
channels for electrons to pass the inter-island gaps, in
which the spin is not preserved. The role of processes,
in which the gaps are passed without spin preserva-
tion, grows with the temperature elevation, which
also gives its contribution to the magnetoresistance
reduction.

The authors of work [11] showed that the emer-
gence of a percolation cluster and the change of the
magnetic state in cermet films result in the appear-
ance of temperature dependences of the magnetore-
sistance of various types. For instance, for films with
the content of a magnetic material less than the per-
colation threshold, the tunnel magnetoresistance in-
creases, as the temperature falls down. For films, in
which the volume fraction of the ferromagnetic mate-
rial exceeds the percolation threshold, a different type
of the temperature dependence of the magnetoresis-
tance was revealed.

Proceeding from the aforesaid, the aim of this re-
search was to determine how the temperature and
the effective thickness affect the tunnel magnetoresis-
tance in iron and cobalt island films.

2. Experimental Technique

Ultrathin one-layer Co and Fe films from 1 to 30 nm
in thickness were obtained in a vacuum chamber at a
pressure of residual atmospheric gases of 10~* Pa [12].
The films were condensed by evaporating the metals
with a purity not lower than 99.98% with the use
of an electron-beam gun. The film condensation was
carried out onto a substrate at room temperature at
the rate w = (1+2) nm/s, depending on the evapora-
tion regime. When studying the electro- and magne-
toresistive properties, polished glass plates with pre-
liminarily rendered contacts were used as substrates.

The magnetoresistance was measured, and the
thermomagnetic treatment of the films was carried
out in a special installation under conditions of ultra-
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high oil-free vacuum (1075-10~7 Pa) in a dc magnetic
field with the strength up to H = 150 kA/m and in
a temperature interval from 150 to 700 K.

The electric resistance was measured, by using the
two-point measurement scheme with the help of a
universal digital voltmeter V7-46/1. Since the speci-
men resistance rather than the resistivity is measured
when the magnetoresistance is researched, the error
of those measurements did not exceed 0.02%.

3. Experimental Results and Their Discussion

In order to determine the magnetoresistance aniso-
tropy and reveal the positive anisotropic magnetore-
sistance in the Fe and Co island films, the measure-
ments were carried out with the “current in the film
plane” configuration, by using two orientations of a
magnetic field with respect to the current (the lon-
gitudinal and transverse magnetoresistances). From
the isotropic field dependences of the longitudinal and
transverse magnetoresistances obtained at room tem-
perature, it follows that they coincide within the ex-
perimental error limits. Therefore, the field, temper-
ature, and size dependences will be presented below
only for the longitudinal magnetoresistance.

It should be noted that the isotropy of field de-
pendences means that the influence of the magne-
toresistance anisotropy is not essential, and the ob-
served dominating effect is a result of the spin-
dependent tunneling of electrons between ferromag-
netic islands, because the mutual orientation of the
current and the field has no matter for this mech-
anism [13]. Therefore, in what follows, only the re-
sults of researches concerning the tunnel magnetore-
sistance will be reported.

From the field dependences of the magnetoresis-
tance obtained for the as-condensed Co (Fig. 1, a)
and Fe (Fig. 1, b) films, it follows that if the tem-
perature is lowered down to 150 K, there appears a
magnetoresistive hysteresis. Similarly to the case of
cermat films, such features in the field dependences
can be explained as follows [14].

When cooling down without an external magnetic
field, the dipole fields of large clusters and the per-
colation cluster stimulate the magnetic moments of
islands to be ferromagnetically ordered. As a result,
the initial tunnel resistance is lower than that in the
system with non-correlated magnetic moments. Due
to the application of an external magnetic field, this
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Fig. 1. Field dependences of the longitudinal magnetoresistance for as-condensed Co (d = 15 nm) (a) and Fe
(d =17 nm) (b) films obtained at various temperatures: 150 (1) and 300 K (2)
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Fig. 2. Temperature dependences of TMR for unannealed (a) and annealed (b) Fe (1, 2, 5, 6) and Co (3, 4, 7,
8) films. dpe = 17 (1), 10 (2), 8 (5), and 10 nm (6); dco = 10 (8), 15 (4), 8 (7), and 9 nm (8). The annealing
temperature equals 520 K for Fe films and 700 K for Co films

ordering is destroyed. The magnetic moments of sep-
arate particles are oriented randomly along the easy
axes of each island. The orientation of easy axes is
determined by the shape anisotropy (for elongated
clusters or island chains) or the magnetocrystalline
anisotropy for separate islands. As a whole, this new
magnetic state will be characterized by larger re-
sistances in comparison with the state obtained af-
ter the cooling without external magnetic field, be-
cause the latter state is a metastable low-energy one
[14]. For larger applied magnetic fields, the resistance
decreases owing to the alignment of particles’ mag-
netic moments along the field direction. As a result,
there arises a maximum in the initial dependence of
the magnetoresistance on the magnetic field induc-
tion. If the induction of the applied magnetic field
vanishes, the system does not return into the state
similar to that obtained at the cooling in the zero
field, and the film resistance is higher than that ob-
tained after the first cooling [15].

ISSN 2071-0186. Ukr. J. Phys. 2017. Vol. 62, No. 5

From the dependences of the tunnel magnetoresis-
tance on the temperature presented for the ultrathin
Fe and Co films that were not annealed or annealed
at various temperatures (Fig. 2), it follows that they
can have various characters depending on the effec-
tive film thickness. In an effective-thickness interval
of 20-25 nm for the as-condensed Co films and 25—
30 nm for the Fe films, the reduction of the measure-
ment temperature to 150 K gives rise to an insignif-
icant increase of the magnetoresistance (Fig. 2, a,
curves 2 and 3). For narrower effective thicknesses
(dpe < 25 nm and dg, < 15 nm), the tunnel magne-
toresistance decreases by a factor of 1.3 to 5 (Fig. 2, a,
curves 1 and 4), when the temperature decreases to
150 K. For the Fe films with effective thicknesses of
5-10 nm annealed at a temperature of 520 K, the tun-
nel magnetoresistance increases by 2-5 times, as the
temperature decreases (Fig. 2, b, curves 5 and 6).

Let us consider the factors giving rise to a change of
the magnetoresistance at the variation of the temper-
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Fig. 3. Temperature dependences of the resistance for as-condensed Co films (a, ¢) and Co films annealed at a
temperature of 700 K (b, d). d =12 (a), 8 (b), and 25 nm (¢, d)

ature in more details. A change of the (AR/Ro)max
ratio due to the variation of the temperature can
result from the variation of both the difference
ARpnax = Ro — Rs (Rp is the electrical resis-
tance of a specimen in the absence of a magnetic
field, and Rg is this resistance measured in the
maximum field) and Ry. Really, both those quan-
tities (Rp and Rg) are temperature-dependent. But
they can change with the temperature in such a
way that the ratio (AR/Rp)max can increase, as
well as can decrease. Therefore, in order to under-
stand better the influence of the temperature on the
magnetoresistance, we have studied the dependences
of the resistance and the quantity ARpna.x on this
parameter.

Let us first consider the features in the temperature
dependences of the electrical resistance obtained for
the ultrathin Fe and Co films. For the as-condensed
Fe (dp. < 25 nm) and Co (dg, < 15 nm) films, the
so-called dielectric regime of conductivity is realized
in a temperature interval of 150-300 K (Fig. 3, a),
which is evidenced by the negative temperature coef-
ficient of resistance (TCR) typical of the nonmetal-
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lic character of conductivity (like the conductivity
in semiconductor or amorphous materials). The con-
ductivity is governed by the thermally activated tun-
neling of electrons between the metal islands sepa-
rated by vacuum gaps. The electric resistance of a
film in the dielectric mode increases, as the tem-
perature decreases. Most models for the conductivity
of island films are based on two mechanisms allow-
ing electrons to overcome the potential barrier be-
tween the islands: the classical one, when an electron
penetrates through the barrier owing to its energy
that exceeds the barrier height, and the quantum-
mechanical one, when an electron penetrates through
the barrier by means of the quantum-mechanical tun-
neling effect. Leaving a thorough theoretical analysis
of both those mechanisms aside (see, e.g., work [16]),
we have to note that, unfortunately, none of them de-
scribes the experimental dependences of the electrical
resistance on the effective film thickness (the island
size).

At present, the concepts of the thermally induced
tunneling of electrons from one island to another
one dominate. In this case, the tunneling activa-
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tion energy is mainly determined by the dimensions
of islands and the gaps between them, and does
not depend on the work function of electrons from
metal. Then the specific resistance of a film can be
written in the form [17]

P = pPo <1+BT)+CeXp (Ea/kT)v (1)

where the first term describes the ordinary (metallic)
dependence of the resistance, and the second one is
associated with a certain thermally activated process.

If the effective thickness of as-condensed Fe and
Co films increases to 20-25 nm, the TCR absolute
value (the TCR itself is negative) decreases and ap-
proaches zero. Evidently, this behavior corresponds
to approximately identical contributions of the terms
in expression (1). If the effective film thickness ex-
ceeds 25-30 nm, only the dependences R(T) with
positive TCR values are observed (Fig. 3, ¢), which
is typical of metals and corresponds to the domi-
nant role of the first term [18]. The films that have
effective thicknesses less than 10 nm and are an-
nealed at a temperature of 700 K demonstrate also
the exponential temperature dependences of their re-
sistance (Fig. 3, b). If their effective thicknesses grow,
a transformation to the metallic dependence R(T')
takes place (Fig. 3, d).

Using the data obtained for the films with the ex-
ponential temperature dependence of their resistance,
we determined the activation energy of conductiv-
ity F,. The calculation gave values within the in-
terval 1072103 eV, which are typical of pure met-
als [19]. With the growth of the effective film thick-
ness, the activation energy of conductivity F, de-
creases (the distances between the islands become
shorter). The maximum value of the activation en-
ergy of conductivity equals 0.1 eV. Hence, the activa-
tion energy is determined by the size of islands and
the distances between them, rather than the film com-
position.

Now, let us consider the variation of ARy.x with
the temperature for the Fe and Co films. In the case
of annealed films, the variation of AR .« depends on
the effective thickness. For instance, for the Co films
with an effective thickness of 5-7 nm that are an-
nealed at a temperature of 700 K, the value of AR .«
does not change, as the temperature decreases from
room temperature to 150 K. For the Co films in the
interval of effective thicknesses from 8 to 10 nm, the
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value of AR,.x increases by a factor of 1.2-1.5. For
the Fe films with dp. = 5+10 nm that are annealed
at a temperature of 520 K, the value of ARy .y in-
creases by 10 to 20 times. The described variations
in the resistance and the value of AR.x result in
the existence of various types of of the temperature
dependence for the magnetoresistance.

Let us analyze in detail why the quantity ARy ax
is changed. The situation is obviously similar to the
case of granular composites [14]. When analyzing the
temperature dependence of AR, .y, one should con-
sider the competitive influences from the percola-
tion cluster and separate superparamagnetic particles
in the presence of the dipole-dipole interaction. In
this case, there are plenty of narrow tunnel barri-
ers with a high conductance. The temperature de-
pendence of ARy.x will be driven by the compe-
tition between two following processes: the mag-
netic blocking of separate clusters and the forma-
tion of a magnetically ordered system of clusters. At
low temperatures because of blocking processes, the
larger number of clusters that do not interact with
one another contribute to the tunnel magnetoresis-
tance. This process leads to an increase of ARpax. If
the temperature decreases further, the processes of
magnetic ordering stimulate the ordering of the mo-
ments of separate clusters, i.e. the formation of a
magnetically ordered system over the whole speci-
men, and a reduction of the magnetoresistance. As
a result of this competition, there emerges a maxi-
mum in the temperature dependence of the magneto-
resistance.

As the temperature falls down, the number of ther-
mally activated carriers decreases exponentially, and
they are located only in large islands, for which the
electrostatic energy is low. In other words, the tun-
neling order drastically grows, as the temperature de-
creases. Hence, the distribution of island dimensions
in the film plays a crucial role for the magnetore-
sistance. The abnormal growth of the magnetoresis-
tance at low temperatures is associated with the in-
volvement of higher-order processes of tunneling, i.e.
the spin-dependent tunneling of electrons between
large islands involving small islands located between
them in the presence of the strong Coulomb blockade
(under definite conditions, the tunneling through a
tunnel barrier is decreased because of the Coulomb
repulsion between the electrons and the charged is-
land) [20, 21].
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Fig. 4. Dependence of TMR on the effective thickness for as-condensed (a, ¢) and annealed (b,
d) Fe (a,b) and Co (¢, d) films. The measurement temperatures are 300 (1) and 150 K(2). The
annealing temperature is 520 K for Fe films and 700 K for Co ones

From the dimensional dependences obtained for the
Fe and Co films at various temperatures (Fig. 4), it
follows that the TMR increases with a decrease of
the effective thickness (the increase of the vacuum
gap width) up to a certain limit. The TMR maxi-
mum is observed at an effective thickness of 17 nm
for the as-condensed Fe films and 13 nm for the Co
films.

After the annealing, the TMR maximum shifts to-
ward smaller effective thicknesses, which is associ-
ated with the growth of islands by means of their
coalescence. At small enough effective thicknesses (3—
5 nm), the vacuum gap width substantially increases
(to 5-10 nm), and the island film transforms into
a system of completely isolated islands, for which
the tunneling and, accordingly, tunnel magnetore-
sistance are absent at all. It should be noted that
the positions of maxima in the dimensional depen-
dences are not changed, if the temperature decreases
to 150 K. In the case of as-condensed Fe (Fig. 4, a)
and Co (Fig. 4, ¢) films and Co films annealed at
a temperature of 700 K (Fig. 4, d), the TMR val-
ues decrease together with the temperature. The Fe
films annealed at a temperature of 520 K (Fig. 4,
b) are the exception. For them, in an interval of ef-
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fective thicknesses of 5-10 nm, the temperature de-
crease to 150 K results in a substantial growth of
TMR.

4. Conclusions

In this work, it is found that as-condensed Fe films
with dg. = 1025 nm and as-condensed Co films with
dco = 517 nm demonstrate the isotropic field de-
pendences associated with the spin-dependent elec-
tron tunneling between ferromagnetic islands. The
maximum magnitude of tunnel magnetoresistance in
a magnetic field lower than 0.7 T amounts to 1% for
the as-condensed Fe films with an effective thickness
of 17 nm and the Fe films with an effective thickness of
8 nm annealed at a temperature of 520 K. The compe-
tition between two processes, the magnetic blocking
of separate clusters and the formation of a magneti-
cally ordered system of clusters results in the appear-
ance of the temperature dependences of the tunnel
magnetoresistance of various types. The dependences
of the tunnel magnetoresistance on the effective thick-
ness have a maximum associated with the formation
of vacuum gaps with an optimum width of (2-3 nm).

This work was carried out in the framework of the
state budget theme No. 0116U002623.
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BIIJINB TEMIIEPATYPU
HA MATHITOPE3MCTUBHI BJIACTBOCTI
CTPYKTYPHO HECYLIJIbHUX ITJIIBOK Fe TA Co

Peszowme

IIpoBeneni mocmiizKeHHST MarHiTOPE3UCTUBHUX BJIACTHUBOCTEN
HaITOHKUX IUIiBOK Fe Tta Co 3 edexkTuBHUMU TOBUHMHAMU d =
= 3-30 um B inTepBaJi remueparyp 150-700 K. [lis nuiBok 3
d = 3-10 HM eJIeKTPOIPOBIAHICTL € TEPMIYHO AKTHBOBAHOIO i
peaJiisyeTbcs TyHeabHUN Maraitoonip. Ilokasano, mo jist cBi-
KOCKOH/IEHCOBAHUX ILJIIBOK 3HUXKEHHSI TEMIIEPATYyPU BUMIipIO-
Banuga 10 150 K npuBoaurh 10 1MOsiBU MAarHiTOpEe3UCTUBHOI'O
ricrepe3ucy i 3MeHIIIeHHs] BEJUYHHU TYHEJBHOI'O MarHiTOOIO-
py B imTepBaii edexkruBHux ToBmwmu 10-15 M. Maxkcumasin-
Ha BEJIMYMHA TYHEJIbHOTO MarHiToonopy B MarHiTHOMY IIOJIi 10
0,7 Tn cranoButb 1 % A/1s CBIYKOCKOHJIEHCOBAHUX Ta BiamaJsie-
Hux 3a reMreparypu 520 K niBok Fe edekTuBHOIO TOBIIMHOIO
17 Ta 8 HM BigmosimHO.
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