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Abstract

We have studied the magnetoresistance (MR) and magnetization of thin discontinuous films of Ni quench-condensed on an
insulating substrate. These films show a crossover from superparamagnetic to ferromagnetic behavior as increasing amounts of
Ni are added to the film and the film becomes more continuous. We describe the characteristics of this crossover and compare
the MR and the magnetization measurements.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Granular ferromagnets, in which random arrays of
magnetic grains are embedded in a non-magnetic matrix,
exhibit a variety of interesting phenomena. The case
where the non-magnetic substance is a metal has achieved
increasing attention over the past decade because the
granular structures exhibit giant magnetoresistance (GMR)
properties that are comparable to those of magnetic hetero-
structures. The GMR is a result of spin-dependent scattering
at the interface between the magnetic particles and the non-
magnetic matrix. Systems in which the non-magnetic
material is an insulator show similar qualitative negative
magnetoresistance (MR) behavior [1–5]. In the insulating
samples the origin of the negative MR has been ascribed to
spin-dependent tunneling between grains which have
randomly oriented magnetic moments [6]. Applying a
magnetic field aligns these moments causing a resistance
decrease. The amplitudes of the MR peaks are much
smaller than those observed in the metallic cases (reach-
ing only a few percent) but the field sensitivity in units
of ohms/tesla is much larger because of the large resistance
backgrounds.

The transport properties of the insulating granular films,
unlike the metallic ones, are very sensitive to the magnetic-
grain concentration. At low concentration the grains are

disconnected and the electrons are localized. The mechan-
ism for electrical conductivity is via hopping between
grains; thus the resistance depends exponentially on
temperature. As the concentration increases, the system
becomes percolative and a continuous path of metallic
grains connects the entire sample. The conductivity is then
diffusive, leading to weak temperature dependence.

The magnetic properties of such a system can also be
expected to depend strongly on concentration. If the grains
are small and isolated from each other, they will be in the
superparamagnetic regime. Hence, above a characteristic
temperature,TB (the blocking temperature), the magnetiza-
tion of the grains will be non-hysteretic. The superpara-
magnetic transition depends on the grain sizes. For a
simplified case of uniaxial grains the relationship between
the blocking temperature and the average particle volume,
V, is given by [7]:

TB � KV
25kB

�1�

whereK is the anisotropy energy. As the magnetic grain
concentration increases, the grains can be expected to
connect with each other, thus, the average grain volume
increases and the system crosses over to ferromagnetic
behavior.

The majority of the experiments on insulating granular
ferromagnets were performed on samples in which the
magnetic and non-magnetic materials were co-evaporated
to achieve various concentrations and different samples
were required to study different concentrations. In this
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paper we describe an experiment performed on discon-
tinuous thin Ni films which are granular in nature. The
fabrication technique allows us to vary the amount of
evaporated Ni in situ, thus enabling us to study the
magnetic properties of the film as a function of grain
size and inter-grain coupling continuously on the same
sample. We observe a transition from non-hysteretic
superparamagnetic MR curves to hysteretic ferro-
magnetic curves as a function of the amount of evapo-
rated material and temperature. The superparamagnetic
properties of the grains, as extracted from the MR
curves, are found to be very close to those seen in
magnetization measurements. However, a quantitative
difference is present reflecting the difference in the
nature of the measurements.

2. Sample fabrication and characterization

The samples described in this work were prepared by
“quench-condensation”, i.e. evaporation on a cryo-cooled
substrate under UHV conditions within the measurement
apparatus using the following scheme. Metallic leads for
four-terminal measurements were pre-prepared on an Si–
SiO substrate. The substrates were then mounted onto a
measurement probe that was immersed in a liquid He
bath. The probe was designed so that the sample was situ-
ated in an UHV environment and, at the same time, had a
good thermal link to the helium bath. We deposited a thin Ni
layer using a thermal evaporator placed within the probe
while monitoring the film resistance and thickness (using
a quartz crystal). The substrate temperature raised during the
evaporation but never exceeded 10 K. Once a desired resis-
tance (or film thickness) was achievedwestopped the evapora-
tion and measured the transport and MR curves. We than
proceeded to add incremental layers of material in situ and
took further measurements at different film resistances.
Using this method we were able to study the properties of a
single sample as a function of the amount of deposited material
while keeping the sample at low temperatures and in UHV
environment without having to thermally cycle it (risking
metallurgic or structural changes due to annealing) or to
expose it to atmosphere (thus oxidizing the Ni surface).

For thin-enough films on a passivated substrate, the Ni
layer contains discontinuous grains. The size of these grains
is expected to depend upon the substrate temperature. We
have performed atomic force microscopic analysis of the
morphology of room-temperature-evaporated samples.
These are illustrated in Fig. 1. For very thin films the struc-
ture contains isolated “pancake-shaped” grain with
diameters of a few hundreds of A˚ and heights of 30–40 A˚ .
As more material is deposited, grains begin to coalesce. The
average grain size thus increases and inter-grain spacing
decreases until, beyond a percolation threshold, the film
becomes continuous.

The grain sizes of quench-condensed samples are
expected to be somewhat smaller but the quantitative transi-
tion from discontinuous to percolating films is similar. This
is realized from the dependence of the resistance on average
layer thickness and temperature. Fig. 2 shows that for thick-
ness below< 23 �A the resistance drops exponentially with
thickness implying that the conduction mechanism is
tunneling between grains. For larger thicknesses the film
becomes continuous and the resistance crosses over to an
ohmic 1=d dependence. A related crossover is observed in
the resistance versus temperature curves depicted in Fig. 2.
The thinner films exhibit aR/ exp�T0=T�1=2� dependence as
expected from hopping between grains [8] (for temperatures
above 1 K the R–T is simply temperature activated:
R/ exp�1=T�). As more material is added we observe a
crossover to aR/ ln�T� dependence which implies that
the transport is dominated by conduction between the grains
hence leading to a weak temperature dependence.
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Fig. 1. AFM micrographs of Ni films with nominal thickness of 18
and 23 Å evaporated on a room temperature Si–SiO substrate.
Bottom: an AFM line scan of the 18 A˚ film showing that the average
height of the grains is 30 A˚ .



3. Magnetoresistance

The MR curves of the granular films also show dramatic
changes as ultra-thin layers of material are added to
isolated grains. Fig. 3 shows MR curves of a Ni film
for different deposition steps. The thinnest film exhibits
negative MR centered atH � 0 (Fig. 3a). As more
material is deposited a hysteresis develops in the
curve, resulting in two resistance peaks at finite magnetic
field (depending on the direction of the magnetic field
sweep). The position of the peaks shifts towards larger fields
as the film thickens (Fig. 3b–f). This behavior can be under-
stood in the following way: for small amounts of material
the film consists of small grains which are isolated from
each other and are superparamagnetic atT � 4 K: Thus,
when the field is removed, the thermal energy is large
enough to randomize the spin orientation and the MR
curve does not exhibit hysteretic behavior. As more material
is deposited, the grains coalesce, the effective magnetic
domain sizes become larger, the superparamagnetic block-
ing temperature rises and the film exhibits ferromagnetic
behavior atT � 4 K:

The superparamagnetic nature of the grains manifests
itself in the temperature dependence of the hysteresis. We
quantify the degree of hysteresis in the system by studying
the coercive field,Hc, for which the magnetization in the
system,M, equals zero. In a granular film this is the field
required to totally randomize the magnetic orientations of
the different grains, hence it should correlate with the field at
which the resistance peaks in the MR. Fig. 4 shows the
dependence ofHc on temperature for different evaporation
stages. The curves are fitted with the superparamagnetic

expression:

hc � Hc

Hc0
� 1 2

T
TB

� �1=2

�2�

Hc0 � 2K
Ms

�3�

whereMs is the saturation magnetization. It is seen that as
the nominal thickness increases the blocking temperature
(for which Hc � 0� rises. This is in agreement with the
notion that the average grain size increases with adding
material due to grain coalescing, which, according to
Eq. (1), would result in an increase ofTB. As will be
shown later, the grain diameters grow by an order of
100 Å while the nominal film thickness increases only by
several Å.

Another obvious trend can be seen from Fig. 3. As mate-
rial was added and the sheet resistance was reduced, the
amplitude of the MR decreased. Adding an average thick-
ness of 7 A˚ to the film reduced the resistance by three orders
of magnitude and causedDR=R to drop from 2 to 0.15%. We
attribute this to the expanding of equivalent chains in the
percolation network for conductivity as material is added.
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Fig. 2. Sheet resistance versus nominal thickness of a quench-
condensed Ni film. The inserts show the temperature dependence
for the 21 Åand for the 25 A˚ stages.

Fig. 3. MR curve atT � 4:2 K of a quench-condensed Ni film for
different steps of the evaporation. The field was swept from21T to
1T and back. The nominal film thicknesses were: (a) 20; (b) 20.5; (c)
21; (d) 21.8; (e) 23; and (f) 25 A˚ .



The reduction of the MR amplitude reflects the fact that
the number of spin-dependent tunneling processes in the
relevant current trajectories is decreasing. In the extreme
limit, when R crosses over to the 1=d dependence, all the
grains are connected and there are no spin-dependent
tunneling processes. Hence, the negative MR is expected
to disappear [9].

4. Magnetization

It is clear that the details of the current trajectories highly
effect the amplitude of the MR. The magnetization of the
grains, on the other hand, should not depend on the current
paths. One is then compelled to ask how well the MR curves
describe the magnetization state of the grains. The usual
model which is used to describe the relationship between
the two entities predicts the following [6]:

Dr

r
� JP

4kT

� �
L2 mH

kT

� �
�4�

for superparamagnetic particles and

Dr

r
� 2

JP
4kT

� �
�M2�H;T�2 M2�0;T�� �5�

for ferromagnetically coupled particles. HereP is the polar-
ization of the electrons,J the exchange coupling within the
grain,L the Langevin function,m the magnetic moment of
the grains andM the magnetization of the films. According
to this model, the coercivity measured by MR or directly by
magnetization should be equal. We have compared the MR
curves of a few of our samples with magnetization versus field
measurements (M–H) taken in a SQUID magnetometer. For
these measurements we coated the discontinuous Ni grains
with a 20 Å layer of Ge prior to exposing it to room condi-
tions. This process has been shown to have no effect on the
magnetic properties of the film [10]. We found [10] that the
values for the coercive field derived from the MR measure-
ments are larger by about 30% than those derived from the
magnetization measurements. Such a difference in the
measuredHc is typical for many samples and reflects the
conceptual difference between the two types of measure-
ment. While the magnetization curve probes the entire
sample, the MR only probes those grains that participate
in the percolation network. The discrepancy we detect
suggests that the grains that determine the percolation path
are larger than the average, thus causing the coercive field to
shift to larger values. This is not surprising. One may expect
small grains that are more isolated not to contribute to the
conduction. Hence, the MR only reflects the magnetic prop-
erties of part of the film. Nevertheless, the qualitative beha-
vior exhibited by the MR is reproduced by the measured
magnetization. Fig. 5 shows the temperature dependence
of the hysteresis loops and the coercive fields. The general
trend is very similar to that of Fig. 4, as are the values for the
blocking temperatures extracted from these curves.

5. Anisotropy

One of the difficulties when dealing with low-dimen-
sional systems is to determine the type and magnitude of
the magnetic anisotropy. Bulk Ni has a magneto-crystalline
anisotropy of 0.5× 105 erg/cm3 in the [111] direction
which, for our films, would be directed out of the film
plane [11]. Since our samples are thin films and the grains
are disk-like shaped with an aspect ratio of about 7, one can
expect the shape anisotropy to be rather prominent, giving
rise to a 4pM in-plane contribution. Another contribution to
the anisotropy is the large surface area present in the grains.
It has been shown that surface and magneto-elastic consid-
erations cause thin films of Ni on Cu or Si substrates to
exhibit a magnetization reorientation transition from in-
plane, for ultra-thin films, to out of the plane, for films of
30–150 Å, and back in the plane, for thicker layers [12–16].
In addition to all of the above one must take into considera-
tion the stress anisotropy that may be present in the interface
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Fig. 4. Top: MR of a 22 A˚ -thick sample atT � 2 K (heavy solid
line) and 10 K (light solid line). Bottom: normalized coercive field
as determined from the MR versus temperature for three evapora-
tion stages. The thicknesses and resistances of the samples are:
10 kV, 22 Å (triangles), 3 kV, 24 Å (circles) and 1 kV, 27 Å
(squares).



between the Ni and the SiO2. In an attempt to determine the
nature of the anisotropy in our films we have compared MR
measurements of a specific sample (grown at room tempera-
ture) in parallel field versus perpendicular field. The results
are shown in Fig. 6. It is seen that the coercivities for the two
field orientations are very similar. We therefore speculate
that the anisotropy of the grains is a combination of two or
more of the above, leading to a comparable coercivity in
plane and perpendicular to the plane.

The magnitude of the anisotropy energy can be estimated
from the fits of Fig. 5 and Eq. (3). The fitted value forHc0 is
< 1700 Oe and the measuredMs (estimated from Fig. 5) is
250 emu/cm3. This yields an anisotropy energy ofK �
105 erg=cm3

: Inserting this value into Eq. (1) and using the
blocking temperatures from Fig. 5 allows us to estimate the
average grain volume. The values of the calculated grain
diameters,D, (assuming a uniform height of< 30 Å) are
given in the following table:

d (Å) R (kV) TB (K) D (Å)

22 10 16 192
24 3 24 236
27 1 34 280

These diameters are somewhat smaller than those of the
room-temperature-evaporated samples as seen from the
atomic force micro-pictures (Fig. 1) but are reasonable
numbers for low-T condensation.

6. Summary

The quenched condensed samples we have studied show a
crossover from non-hysteretic to hysteretic MR and magne-
tization curves. This crossover correlates with a transition
from hopping to diffusive transport and with the evolution of
the film morphology from isolated grains to large clusters.
We ascribe this crossover from a superparamagnetic to
ferromagnetic transition to an increase in the typical
magnetic grain size. Recently we have shown that a similar
crossover (though weaker) is present even when non-
magnetic material is added to isolated ferromagnetic grains
[10]. We interpreted this as being due to magnetic coupling
of the grains via the non-magnetic media.

The quench-condensation technique is a promising tool
for low-dimensional magnetic studies since it eliminates one
of the largest difficulties in this area, i.e. the rapid oxidation
of the surfaces. It also provides a very delicate control over
the desired parameters. We hope to use the methods
described in this work to investigate further relevant issues
such as interactions between magnetic nano-particles.
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Fig. 5. Magnetization measurements of a 22.5 A˚ -thick sample at
various temperatures. Bottom graph: coercive field, as extracted
from the above curves, versus temperature.

Fig. 6. MR curves of a room-temperature-evaporated film in parallel
(light solid) and perpendicular (heavy solid) magnetic fields.T �
4 K:
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