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We present magnetoresistance measurements performed on ultrathin films of amorphous Ni and Fe. In these
films the Curie temperature drops to zero at small thickness, making it possible to study the effect of ferro-
magnetism on localization. We find that nonferromagnetic films are characterized by positive magnetoresis-
tance. This is interpreted as resulting from weak antilocalization due to strong Bychkov-Rashba spin-orbit
scattering. As the films become ferromagnetic the magnetoresistance changes sign and becomes negative. We
analyze our data to identify the individual contributions of weak localization, weak antilocalization, and
anisotropic magnetoresistance and conclude that the magnetic order suppresses the influence of spin-orbit
effects on localization phenomena in agreement with theoretical predictions.
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I. INTRODUCTION

Ferromagnetic thin films are of great interest because of
their application in various areas of magnetoelectronics,
magnetic read-heads, field sensors, random access memory
elements, and others. Most of the research effort is concen-
trated on highly ordered films or single crystals which are
advantageous for devices. On the other hand, disordered
films are interesting from the scientific point of view since
they allow to study the interplay between magnetization and
localization, i.e., specific quantum interference effects ac-
companying diffusive motion of electrons in disorder con-
ductors. These effects can be visualized as arising from
quantum interference between self-intersecting paths.1 These
constructive interference effects lead to enhanced �with re-
spect to classical considerations� probability of an electron to
return to its initial position. This leads to negative quantum
corrections to the semiclassical Drude conductivity observed
at low temperatures, hence the term “weak localization”
�WL� �incipient of strong �or Anderson� localization, which
indicates total suppression of diffusion in a strongly disor-
dered medium�. Though typically small, these corrections
have peculiar dependence on temperature, magnetic field,
film thickness, etc., and give insight into physics of a disor-
dered medium. Just like in normal metals, the semiclassical
Drude conductivity of disordered ferromagnetic metals is ex-
pected to be influenced by weak-localization corrections.

Quantum corrections to the classic electrical conductivity
of normal metals were extensively studied in the past three
decades. These corrections are always negative in the case of
purely potential scattering. When in addition to the potential
scattering there exists spin-orbit �SO� scattering or magnetic-
impurity scattering �scattering due to magnetic impurities in
a paramagnetic metal� the situation becomes less definite.
The interference may be constructive or destructive depend-
ing on the strength of the SO interaction.2–4 Because the
name weak localization historically became associated with
the negative corrections to the conductivity, induced by the
constructive interference, the positive corrections to the con-
ductivity induced by the destructive interference became
known as weak antilocalization �WAL� corrections.

In the general case the quantum corrections to the classi-
cal conductivity �� can be presented as5
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where D0 is the diffusion constant in d dimensions, L is the
size of the sample, �SO is the spin-orbit relaxation time, the
inverse of which measures the strength of the SO interaction,
and �� is the dephasing time. The summation in Eq. �1� is
over the momentum, Q.

To understand qualitatively Eq. �1� one must recall that
quantum corrections to the conductivity are proportional to
the interference amplitude. It turns out that the problem of
calculating this amplitude is mathematically equivalent to the
problem of Cooper pairing in the theory of superconductivity
�in the formalism of the diagrams technique both problems
demand summation of maximally crossed diagrams�. This is
why this amplitude is called a Cooperon. The first term in
Eq. �1� corresponds to a pair of electrons with the spin equal
to one �triplet channel�. Interference of such a pair of elec-
trons is constructive and hence leads to WL. The second term
corresponds to a pair of electrons with spin equal zero �sin-
glet channel�. Interference of such a pair of electrons is de-
structive and hence leads to WAL. This becomes even more
obvious when one calculates the Q sum and obtains6
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where � and v are the �Fermi-surface� electron wavelength
and velocity, respectively, and a is the film thickness or the
wire radius, and d is the dimension. For d=2 one obtains
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where � is the momentum relaxation time. As seen from Eq.
�3�, the spin-orbit scattering reverses the sign of the quantum
correction to conductivity.

Both WL and WAL are suppressed by an applied mag-
netic field. An asymptotic estimate for magnetoconductance
can be found from Eq. �2� taking into account that the upper
limit of integration should now be tH instead of �� if tH
	��, where tH� lH

2 /D0, and lH= ��c /2eH�1/2 is the magnetic
length. It is easy to see that in the absence of spin-orbit
scattering the magnetoresistance �MR—the inverse of the
magnetoconductance� is always negative. The magnetic field
dependence of the WL correction is given by the following
expression:5
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where kF is the Fermi wavelength, l is the mean free path,
and l� is the dephasing length; here the value D0= 1

3
l2

� was
used.

The situation is more complicated for WAL when spin-
orbit scattering is important. In weak magnetic fields and
under strong spin-orbit scattering the magnetoconductance
reverses its sign and is given by
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where lSO is the spin-orbit interaction length. As the mag-
netic field increases and becomes larger than

HSO �
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the magnetoresistance becomes negative even in the pres-
ence of SO.6 Similar to paramagnetic impurity scattering, SO
interaction may result from lack of inversion symmetry
which is described by the Dresselhaus term7 or reduced di-
mensionality of the system related to the Bychkov-Rashba
Hamiltonian.8

From Eq. �1� it is clear that a quantity of crucial impor-
tance for the calculation of the quantum correction to the
conductivity is the dephasing time ��. As well known, in
low-dimensionality conductors �d�2� for low enough tem-
peratures �� is determined by electron-electron interaction
involving small energy transfer, ���, and has the form6,9
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where �d is the density of states, pF is the Fermi momentum.
One may ask, how do the above quantum corrections

manifest themselves in the case where the metal is a ferro-
magnet. Dugaev et al.10 theoretically studied the influence of

ferromagnetism on WL and WAL phenomena. Qualitatively,
the main idea in this work is that strong magnetic polariza-
tion in ferromagnetic materials excludes processes with the
singlet Cooperon, which are responsible for the antilocaliza-
tion in nonmagnetic materials with SO scattering. As a result,
the quantum correction to conductivity is always negative in
ferromagnetic samples and leads to negative magnetoresis-
tance. This is due to the fact that in ferromagnetic materials
ferromagnetic s-d exchange yields spin splitting which is
comparable or larger than the thermal energy or the Landau-
level splitting due to magnetic field.11 The resulting spin po-
larization of the conduction electrons influences the spin-flip
scattering.

For the case of a two-dimensional ferromagnetic film,
which is relevant for our experiment, the results depend on
the orientation of the magnetization relative to the plane of
the film. The easier is the case of the magnetization perpen-
dicular to the plane. In this case the spin-flip scattering,
which leads to weak antilocalization is totally suppressed.
Thus, even in the presence of strong SO interaction the cor-
rection to conductivity and the magnetoresistance are nega-
tive, hence there is only weak-localization correction.10,11

When the magnetization is in plane, spin-flip scattering is
present in the system, and one has to include the spin-flip
processes in the Cooperon ladder. However, the overall
quantum correction to the conductivity turns out to be of WL
type, though smaller than in the case of magnetization per-
pendicular to the plane.

In this paper we describe a systematic experimental work
designed to study the effect of ferromagnetism on localiza-
tion phenomena. For this we use disordered amorphous films
of ferromagnetic Ni and Fe in which we vary continuously
the thickness and disorder of each sample. These films show
a drop of the Curie temperature to zero at low film
thickness.12 This allows us to study the conductivity of a
single sample—with and without ferromagnetism—in the
temperature regime in which localization is important. We
find that in the paramagnetic phase of our ultrathin film, the
conductivity is governed by WAL as a result of strong
Bychkov-Rashba SO scattering leading to positive MR.
When the samples become ferromagnetic the magnetoresis-
tance curves change sign and become negative, indicating
that WAL is masked by magnetic effects in agreement with
Dugaev et al.10

II. EXPERIMENTAL

In order to achieve substantial localization effects one
would like to employ disordered metallic thin layers. For this
reason we used ultrathin amorphous films in which the low
thickness enhances the role of disorder. The samples studied
in this research were films of Ag, Ni, and Fe with thickness
varying between 0.05 and 12 nm and resistances between
1 M� and 100 �. The samples were fabricated using the
technique of “quench condensation,” i.e., thermal evapora-
tion on a cryocooled substrate. This technique allows to de-
posit sequential layers of ultrathin films and measure trans-
port without thermally cycling the sample or exposing it to
atmosphere. This is particular advantageous for the study of
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thin ferromagnetic films such as Ni or Fe in which one would
like to prevent rapid oxidation characteristic of these
materials.13,14 Prior to the cooldown, six gold leads were
evaporated on an insulating Si/SiO substrate. A mechanical
mask was used to obtain a desired Hall bar geometry en-
abling Hall effect �HE� and four-probe conductivity measure-
ments on a 2�2 mm sample. The substrate was then con-
nected to the He3 pot of a He3 fridge which was pumped to
high vacuum �P�10−6 mbar� to allow film evaporation. An
insulating underlayer of Ge or Sb was predeposited prior to
the metal evaporation while the substrate was held at T
=4 K. This insulating layer wets the substrate enabling to
achieve ultrathin continuous amorphous films even at mono-
layer thickness.15,16 An ultrathin metal film was then evapo-
rated on the cold substrate. Deposition rate and film thick-
ness were monitored, in situ, by a quartz-crystal and sample
resistance was measured during the growth. The evaporation
was terminated at a desired thickness and resistance allowing
transport measurements at different disorder states of the
sample. The magnetotransport measurements presented in
this paper were performed in the 25 K–300 mK temperature
range. A magnetic field up to 6 T was applied perpendicular
to the substrate plain.

Previously12 we studied the conductivity versus thickness
of similar ultrathin films while driving them from strong to
weak localization. Our analysis indicated that as the film is
thickened, the microscopic properties such as mean free path,
l, diffusion constant, D0, or dephasing length, l�, do not
change. The parameter that is mainly affected by the thick-
ness is the localization length � which is reduced due to the
low dimensionality of the layer. Changing the thickness
causes a crossover from strong to weak localization via the
crossover from �� l� to �� l�.

III. RESULTS AND DISCUSSION

As noted above, this research concentrates on the trans-
port properties of ultrathin films of Ni and Fe for the purpose
of investigating the influence of ferromagnetism on localiza-
tion effects. For reference we studied the properties of non-
ferromagnetic systems, i.e., ultrathin layers of Ag. MR
curves of a single Ag sample for several thicknesses are
shown in Fig. 1. It is seen that Ag layers exhibit a positive
MR for all the studied thickness range. This result is indica-
tive of films characterized by strong spin-orbit interaction
and thus exhibiting WAL. We attribute these results to the
presence of a strong Bychkov-Rashba term in which SO in-
teraction is due to scattering on the surface caused by re-
duced dimensionality in the ultrathin film. The solid lines in
Fig. 1 are fits obtained using Eq. �5�, proper to describe WAL
behavior �fits to WAL in the following�. Here lSO and l� are
fitting parameters and the mean free path, l, was extracted
from fits to weak localization correction of Eq. �3�.12 The
extracted spin-orbit length, lSO, grows with the layer thick-
ness �see inset� demonstrating that the SO interaction be-
comes weaker as the films become thicker, in consistency
with the assumption that Bychkov-Rashba scattering is the
main contribution to the SO effects.

The situation is different for ferromagnetic layers. As de-
scribed in Ref. 12, thin amorphous layers of Ni or Fe show

no signs of ferromagnetism below a critical thickness, aC,
which is material dependent. As the thickness is increased
the Curie temperature increases rapidly from zero to the bulk
value. This means that for a given temperature one can ob-
serve a transition from paramagnetism to ferromagnetism as
a function of thickness.

The measurement of magnetization in quench condensed
films is somewhat problematic since the samples cannot be
heated to room temperature without affecting their structural
properties, hence conventional methods such as supercon-
ducting quantum interference device measurements are not
appropriate. For this reason we use the HE for which ferro-
magnetic films are characterized by a large contribution from
the extraordinary Hall effect �EHE� proportional to the mag-
netization. Figure 2 shows Hall effect measurements at T
=4.2 K for sequential layers of Ni and Fe films. These show
that at low thickness the HE curves are linear as expected for
a nonferromagnetic film. A measurable EHE contribution,
which characterizes ferromagnetism, appears only for a
�aC, where aC is 1.8 nm for Ni and 0.45 nm for Fe. Thus we
can identify two regimes: For a�aC�T� the films are ferro-
magnetic while for a�aC�T� they show no spontaneous
magnetization. For Fe, the exact value of aC is hard to obtain
from HE measurement but can be better extracted from mag-
netoresistance curves presented below.

It turns out that this crossover from ferromagnetic to non-
ferromagnetic behavior has a striking effect on the magne-
toresistance. At a=aC the MR changes sign from positive to
negative. Figure 3 depicts MR curves for a number of growth
stages of a Fe film, one for a�aC and the rest for a�aC. For
the thinnest Fe film, the MR is positive, similar to the results
obtained in Ag even for much thinner films as shown in Fig.
1. Here we obtain good fits to WAL �solid line�. As a be-
comes larger than aC and the films are characterized by spon-
taneous magnetization, the MR changes sign to negative, un-
like the situation in Ag. For the first few monolayers of
thickness above aC the MR can be well fitted to Eq. �4�
which describes WL without the influence of SO �fits to WL
in the following� as seen in Fig. 3�b�. Here l� is the only
fitting parameter.
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FIG. 1. �Color online� MR curves of an Ag sample having vari-
ous thickness a. T=4.2 K. Solid lines are fits to WAL �Eq. �5�� with
mean free path of 0.2 nm. The inset shows the extracted lSO as a
function of thickness.
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As the film is thickened the curves cannot be fitted by
assuming WL contribution alone any more. For thick enough
ferromagnetic films we found12 that the MR curves are best
described by anisotropic magnetoresistance �AMR� charac-
teristic of ferromagnetic films. The AMR effect relates the
resistance value to the angle, �, between the current and the
magnetization direction.17 The dependence of the resistance
on � is known to be: ��cos2 �, where the resistance is maxi-
mum when the magnetization is parallel to the current. In our
system the applied magnetic field is always directed perpen-
dicular to the current. At zero field, both the magnetization

and the current are in the sample plane. As the applied field
is increased, the magnetization is rotated out of the plane
thus increasing �. At the saturation field, HS, the magnetiza-
tion is parallel to the applied field and perpendicular to the
current causing the resistivity to be minimal. In order to ana-
lyze our data we assume quadratic dependence of 
R on H at
fields lower than HS and saturation value at high fields, and
use the following phenomenological expression:


RAMR = 
R���
H2

H2 + HS
2 . �8�

The solid line in Fig. 3�d� is a fit to this expression, where HS
is taken from the Hall effect measurements such as those of
Fig. 2. Hence, it appears that for thick enough ferromagnetic
films the large contribution of AMR overshadows all of other
MR effects such as that of weak localization.

In the intermediate regime �Fig. 3�c��, we fit the data to
the combination between the two effects


Rcom = AAMR
RAMR + AWL
RWL, �9�

where AAMR and AWL are coefficients determining the rela-
tive weight of the two effects and RWL=1 /�WL. The inset in
Fig. 3 which depicts the dependence of AAMR and AWL on the
thickness demonstrates that, for low thickness, the negative
MR observed in the ferromagnetic state is mainly due to WL
effects. As the film is thickened the relative AMR contribu-
tion grows and becomes the dominant factor for large thick-
ness.

The above experimental results are consistent with the
theoretical prediction of Dugaev et al.10 For nonmagnetic
films, the MR curves are always positive, presumably as a
result of the corrections of SO interactions on WL. For fer-
romagnetic films the MR is always negative. The analysis of
the data shows that the appearance of ferromagnetism in the
film suppresses the effect of SO such that only the usual
negative MR typical to WL is present.

Figure 3 demonstrated a transition from paramagnetic to
ferromagnetic behavior as a function of thickness at constant
temperature. A similar effect can be observed at constant
thickness as a function of temperature. This is shown in Fig.
4 which depicts MR and HE measurements of a 1.8-nm-thick
Ni film at different temperatures. For T�4 K �Figs. 4�a� and
4�b�� the samples are ferromagnetic, as demonstrated from
the observed EHE, and the MR is negative. In this regime the
data fit a combination of WL and AMR of Eq. �9�. For T
�4 K �Figs. 4�c� and 4�d�� only the ordinary HE can be
observed, indicating that the film has lost its ferromagnetism.
Indeed, in this regime the MR is positive and fits WAL be-
havior dominated by SO.

Fits to WAL and WL similar to those of Fig. 4 enable to
extract the values for the dephasing length, l�, at different
temperatures. It turns out that these values are very similar
for Ni and Fe. Figure 5 shows l� versus T for nine samples of
Ni and Fe having different thicknesses. All films exhibit l�

�T−� with � ranging between 0.3 and 0.5. This power law is
maintained even when the sample crosses over from ferro-
magnetism to paramagnetism and the MR changes sign. This
is demonstrated in the inset which presents a 0.7 nm Ni film
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FIG. 2. �Color online� Hall effect measurements of sequential
quench condensed �a� Ni and �b� Fe films. T=4.2 K.
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in which ��0.5. The crossover from WL to WAL, noted by
the arrow in the figure, is not sensed by l� which shows a
smooth dependence on temperature. The fact that l� that is
extracted from fits to the two different formulas �Eqs. �4� and
�5�� exhibits the expected temperature dependence reinforces
our confidence in the fitting procedure.

The main results of this paper are illustrated in Fig. 6 in
which a schematic “phase diagram” is plotted. These can be
summarized by the following findings. At temperatures
larger than the Curie temperature, in which the system shows
no spontaneous magnetization, the MR is positive and is at-
tributed to weak antilocalization. This is interpreted as signs
for the fact that in the paramagnetic phase the magnetoresis-
tance is determined by the magnetic field dependence of the
quantum corrections to the conductivity in the presence of
strong Bychkov-Rashba SO scattering. This corresponds to
the WAL region on the phase diagram. At temperatures
smaller than TC, the film becomes ferromagnetic and, at the
same time, the MR curves change sign and becomes nega-
tive. For low enough temperature or thickness the MR curves

follow the simple weak localization behavior without SO
scattering �corresponding to the WL regime of Fig. 6�. This
indicates that scattering in the triplet channel, leading to
WAL in the presence of SO scattering, is suppressed, and
only scattering in the singlet channel is effective. As the film
is thickened or temperature raised the magnetoresistance due
to quantum correction to the conductivity is masked partially
or completely by the anisotropic magnetoresistance effects.
This corresponds to WL+AMR and AMR regions on the
phase diagram, respectively. We note that Fig. 6 is only sche-
matic and the dashed lines are rough estimations of the
boarder lines between the different phases.

IV. CONCLUSIONS

In summary, we studied experimentally the magnetoresis-
tance of ultrathin films of amorphous Ni and Fe. The Curie
temperature for the ultrathin films of ferromagnetic metals
decreases with the decrease in the film thickness and can be
arbitrary low or even zero making it possible to study both
the paramagnetic state and the ferromagnetic state in the
same sample, at low enough temperatures so that localization
effects are prominent. We have found that ultrathin films of
amorphous Ni and Fe, interesting by themselves due to pos-
sible applications, can serve as a testing ground for the
theory of quantum corrections to the conductivity. The ex-
perimental results agree qualitatively with the theoretical
prediction10 that ferromagnetism in a film totally suppresses
the influence of spin-orbit scattering on the perpendicular
magnetoresistance. Though there is no theory discussing the
interplay between the different contributions of WL and
AMR to the magnetoresistance curve in such films, the
analysis of the experimental results provides information
about the smooth transition from the WL dominated regime
to the region in which AMR governs the behavior.
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