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The transport and magnetotransport properties of the metallic and ferromagnetic SrRuO3 �SRO� and the
metallic and paramagnetic LaNiO3 �LNO� epitaxial thin films have been investigated in fields up to 55 T at
temperatures down to 1.8 K. At low temperatures both samples display a well-defined resistivity minimum. We
argue that this behavior is due to the increasing relevance of quantum corrections to the conductivity �QCC� as
temperature is lowered; this effect being particularly relevant in these oxides due to their short mean free path.
However, it is not straightforward to discriminate between contributions of weak localization and renormal-
ization of electron-electron interactions to the QCC through temperature dependence alone. We have taken
advantage of the distinct effect of a magnetic field on both mechanisms to demonstrate that in ferromagnetic
SRO the weak-localization contribution is suppressed by the large internal field leaving only renormalized
electron-electron interactions, whereas in the nonmagnetic LNO thin films the weak-localization term is
relevant.

DOI: 10.1103/PhysRevB.72.014457 PACS number�s�: 72.15.Rn, 72.80.Ng, 73.50.Fq

INTRODUCTION

In pure normal metals, the mean free path l of the carriers
is much larger than the Fermi wavelength �F. In this case,
the semiclassical Boltzmann approach can successfully de-
scribe the transport properties of these metals. In this sce-
nario, at T�0.1�D, where �D is the Debye temperature, the
scattering of carriers by lattice imperfections leads to a low-
temperature resistivity which follows a ��T�=�0+ATn de-
pendence, where �0 is the residual resistivity, A is positive,
and n is a positive integer �n=3–5 for electron-phonon scat-
tering, n=2 when electron-electron scattering dominates�.
However, as structural or composition disorder is increased,
n can change as well as the mean free path shrinking and
eventually may become comparable to �F. In this situation, a
fully quantum-mechanical treatment, accounting for the
wavelike nature of the carriers, must be applied. This ap-
proach consists in adding some correcting terms to the low-
temperature conductivity, the so-called quantum corrections
to the conductivity �QCC�.1,2

QCC may arise from two different sources. First, there are
effects coming from the self-interference of the wave packets
as they are backscattered coherently by the impurities or
other defects. This self-interference gives way to an addi-
tional scattering mechanism and to an enhancement of the
resistivity. This picture is based on noninteracting carriers in
a random potential. On the other hand, there is another con-

tribution arising from the renormalization of the effective
electron-electron interactions and the subsequent modifica-
tion of the density of states at the Fermi energy. We refer to
the former as the weak-localization �WL� and the latter as the
renormalized electron-electron interaction �REEI� quantum
corrections. Both contributions lead to an enhancement of
resistivity as the temperature is decreased and can explain
the presence of minima in the resistivity-temperature curves
in disordered metals. However, it is not straightforward to
ascertain whether WL or REEI is the most relevant contribu-
tion to QCC only through the analysis of the temperature
dependence of the resistivity. Difficulty arises because for a
two-dimensional �2D� system both effects lead to a ��
� ln T contribution to the conductivity whereas in the 3D
limit, ���T1/2 or ���Tp/2 with p=2–3 for REEI or WL
contributions, respectively.1,2 The narrow temperature range
where these effects become observable and the identical �in
the 2D case� or similar �in the 3D case� temperature behav-
iors do not allow a simple distinction between the two dif-
ferent physical sources of QCC. In general, in the 3D regime,
the REEI contribution to QCC dominates over WL whereas
in 2D both contributions are of comparable magnitude. How-
ever, as reviewed by Lee and Ramakrishnan,1 the observa-
tion of REEI and WL contributions to the temperature de-
pendence of the conductivity in 3D systems have been
reported. Instead, the field dependence of the low-
temperature resistivity is radically different,1 and in prin-
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ciple, it can unambiguously determine the nature of QCC.
Indeed, by applying a magnetic field the WL term is sup-
pressed, since the field destroys the wave coherence and,
thus, the self-interference effects are reduced and the resis-
tance is decreased. It then follows a negative magnetoresis-
tance. Instead, the effect of the field on the REEI contribu-
tion leads to a positive magnetoresistance originated by the
spin splitting of electrons in a magnetic field and by orbital
effects.1

QCC have been proposed to explain the low-temperature
transport properties of nonmagnetic disordered systems such
as doped semiconductors and metallic alloys.1 Negative
magnetoresistance �MR� has been observed in these systems,
following the �H law predicted by the theory in the 3D limit,
consistent with a suppression of WL by the applied field.
However, the situation could be different in some magnetic
systems, in which the presence of a large internal magnetic
field might suppress WL and then leave alone the REEI con-
tribution. For instance, recently Manyala et al. have reported
a positive MR at low temperature for the Fe1−yCoySi system,
and they attributed it to the effect of the applied field on the
REEI contribution.3 Several analyses of the low-temperature
transport properties through QCC have also been performed
in ferromagnetic oxide compounds. In particular, there are
recent reports on the La2/3Sr1/3MnO3 system4,5 suggesting
the presence of these quantum effects. However, these ex-
periments are rather intricate, due to the difficulty in separat-
ing the contribution coming from the effects of the field on
the QCC from other MR sources. The high magnetoresis-
tance of manganites and their strong sensitivity to magnetic
disorder are a hindrance to a further verification of QCC by
performing extended experiments on magnetoresistance. We
can partially overcome these shortcomings using SrRuO3
�SRO� samples, since in this itinerant ferromagnetic perov-
skite, the weaker sensitivity to magnetic disorder results in a
weaker MR.

In this paper we show magnetotransport data of a SRO
film �metallic ferromagnet� and a LaNiO3 �LNO� film �me-
tallic paramagnet�. Both films showed a resistivity upturn at
low temperature which can be explained by the presence of
QCC. The relevance of these quantum effects is justified by
the closeness of the mean free path l to the Fermi wavelength
�F. Knowing that the Fermi energy of SRO is EF�2 eV, and
the band effective mass is m*�3.7me,

6 we can estimate �F
�4.5 Å. The mean free path l of the analyzed SRO film
�t=3.5 nm� is estimated from �=ne2� /m*=ne2l�F /h,
with n�2�1022 cm−3.7 For our SRO sample, �
�2�103 	−1 cm−1 at 5 K, so l�5–6 Å at low temperature,
and we have kFl= �2
 /�F�l=O�1�. In LNO, the carrier den-
sity is n�1.7�1022 cm−3.8 Since in the analyzed LNO film
�t=240 nm� ��3�103 	−1 cm−1 at 5 K, we have that
l�6 Å at low temperature. On the other hand, for LNO it is
known that EF�0.21 eV, and m*�11me,

9 and we obtain
�F�8 Å. Thus, again, kFl=O�1�.

Indeed, in previous reports, we have established on solid
grounds a relationship between QCC and structural disorder
in SRO thin films.10,11 Through the analysis of the present
MR data, we conclusively show that the WL is suppressed in
the SRO film by the internal strong magnetic field, whereas it

is not the case in the LNO film. This result emphasizes the
role of the magnetic field in the quantum corrections. The
presence of a large internal field in the ferromagnetic SRO
sample is responsible for the suppression of the WL contri-
bution, and only the REEI contribution is relevant in that
case.

EXPERIMENT

It is well known that SRO has an unusual high magneto-
crystalline anisotropy12 ��2 T� and a strong anisotropic
magnetoresistance.13 By applying very strong fields, up to
55 T, we can minimize contributions to MR coming from
other sources different from that of the effect of the external
field on QCC. We have performed magnetotransport mea-
surements in pulsed high magnetic fields �Laboratoire Na-
tional des Champs Magnétiques Pulsés �CNRS, Toulouse��
of an epitaxial SRO film grown by pulsed laser deposition on
a nominally exact �100� SrTiO3 substrate. Details on prepa-
ration conditions and structural properties of our SRO films
can be found elsewhere.14–16 The measured samples had an
almost rectangular shape with typical dimensions of about
�3.5�2.5 mm2. Here we will show, as a typical example,
data collected for a film t=3.5 nm thick. Magnetoresistance
experiments were carried out using the standard ac four-
probe method in a pulsed magnetic field �applied perpen-
dicular to the film� of up to 55 T �pulse decay time 0.18 s� in
the temperature range from 1.8 to 280 K. �In this paper we
will concentrate on and discuss only the low-temperature
part related to the localization phenomena.� Four in-line elec-
trical contacts to the films were made using Pt wires of
20 �m in diameter glued with graphite paste. An alternating
current �10 �A,23 kHz� was injected. We have also verified
that in the 0.1–50 �A range, at low temperature �T

4.2 K�, the response is Ohmic. A lock-in amplifier with a
time constant of 100–300 �s was used to detect the signal
across the potential leads.

The magnetotransport data of the LNO film were obtained
in a Physical Property Measurement System �PPMS, Quan-
tum Design�, with fields of up to 9 T applied also perpen-
dicular to the film. Transport measurements were performed
with contacts made on previously deposited Au. The epitax-
ial LNO film �t�240 nm� was grown on a LaAlO3 substrate
by the pulsed laser deposition technique.17

RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the resis-
tivity measured at H=0 T of SRO �a� and LNO �b� films; the
resistivity upturn at low temperature is well visible in both
cases. These data have been fitted by the least-square mini-
mization method to QCC �including both WL and REEI con-
tributions� in both the 3D and 2D limits. In the first case
�3D�, the corresponding T dependence is given by1

��T� =
1

�0 + a1Tp/2 + a2T1/2 + bT2 �1�

where the a1Tp/2 term accounts for the 3D WL contribution
and the a2T1/2 term stands for the 3D REEI correction; the
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a1Tp/2 term depends on the length scale imposed by the in-
elastic collisions on the quantum coherence length of the
carriers. If electron-electron interactions are dominant, p=2,
whereas p=3 if electron-phonon scattering prevails.1 We
have also added the Boltzmann term �bT2� accounting for the
classical low-temperature dependence of the resistivity and
assumed the Mattiessen rule to hold. For the 2D case, both
QCC contributions give similar temperature dependence:1

��T� =
1

�0 + a ln T
+ bT2. �2�

We have fitted the data of Fig. 1, using all these models. It
turned out that the 3D and the 2D models give similar reli-
ability factors of fitted parameters and thus a distinction is
unfair. For the sake of simplicity, only the fitting to expres-
sion �2� is shown in Fig. 1 �dashed line through the data�. In
the corresponding insets, we display a zoom of the low-
temperature region, to visualize the quality of the ln T behav-
ior in this temperature range. As a means to evaluate the
quality of the fittings, Fig. 2 shows the deviation plots, de-
fined as ��n= ��fitting�T�−��T�� /��T�, as a function of the
temperature for fittings to expressions �1� and �2�. The plot-
ted fittings in the 3D limit correspond to an a1T3/2 inelastic
length cutoff defined by electron-phonon collisions; qualita-
tively similar results are found when an a1T is considered
�electron-electron collisions�. We see that it is not easy to
discriminate whether the 3D or 2D limit is the more appro-
priate only through the analysis of the T dependence. More-

over, it is important to find an alternative way to evaluate the
contributions of the WL and REEI physical mechanisms to
QCC. This is of special interest in the 2D limit, since both
2D REEI and WL contributions have the same ln T behavior.
Hopefully, as pointed out above, the analysis of the high-
field MR may be an alternative method to discriminate un-
equivocally whether the quantum effects come from REEI or
WL effects.

In Fig. 3�a� �inset� we show the low-temperature depen-
dence of the electrical resistance of the SRO film measured
at fields of H=0 and 48 T. We observe that the application of
high field �H=48 T� lowers the resistivity, i.e., the total mag-
netoresistance is negative. The field dependence of the mag-
netoresistance MR, �R�H�−R�0�� /R�0�, for different tem-
peratures is shown in Fig. 4. This large negative
magnetoresistance is likely related to spin disorder effects.
More significantly, a detailed inspection of the lowest-
temperature region of the curves in the inset of Fig. 3�a�
reveals that the upturn of the resistance measured under field
is slightly shifted to a higher temperature with respect to the
data recorded at zero field. This feature is more easily ob-
served when we shift the curves by subtracting the resistance
at the minimum from the raw resistance data �Fig. 3�a�, main
panel�. After this subtraction it becomes evident that the re-
sistance minimum under field is noticeably shifted to higher
temperatures and the resistance below Tmin, down to the low-
est temperature, is visibly larger under the 48 T field when it
is compared with data recorded at zero field. This fact is a
clear indication that the QCC effects are enhanced when a
magnetic field is applied. Therefore, we infer that there is a
positive MR contribution, which is masked by the �larger in
magnitude� negative MR �probably coming from the sup-
pression of magnetic disorder by the applied field�.

Possible origins of the positive MR contribution include
orbital effects. The orbital magnetoresistance MRorb can be
estimated to be MRorb��H /ne�0�2 where n is the carrier
density and �0 the residual resistivity. Using appropriate
�n ,�0� values, it turns out that MRorb�0.001% for fields of a
few tens of teslas and thus this contribution is negligible in

FIG. 1. �Color online� Temperature dependence of the resistivity
of the SRO �a� and LNO �b� films. Dashed line is the result of the
fit using Eq. �2�. Insets: zoom of the low-temperature region of
resistivity plotted in a semilogarithmic scale.

FIG. 2. �Color online� Temperature dependence of the deviation
��n= ��fitting�T�−��T�� /��T� corresponding to fittings to expres-
sions �1� �3D limit� and �2� �2D limit� for the SRO �a� and the LNO
�b� films.
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SRO. Similar conclusions were derived in Refs. 18 and 19.
Instead, we suggest that the effect of field on the QCC aris-
ing from the REEI gives such positive contribution to the
MR. As discussed by several authors, spin-splitting effects in
an interacting electron gas can lead to a positive
magnetoresistance.1,2 In order to have this mechanism opera-
tive, the condition g�BH�kBT must be satisfied.1 In our
case, we have performed the experiments at a temperature of
order �10 K, i.e., kBT�1 meV. Since the maximum applied
field is of about 55 T, we have g�BH�6 meV. Therefore, at
these high fields, a positive magnetoresistance due to spin-
splitting effects might be detected.

As mentioned above, we had previously �Refs. 10 and 11�
analyzed the correlation between structural disorder and
QCC in SRO films. From the analysis of the temperature
dependence of zero-field data we argued that the REEI was
likely to be the dominant contribution to QCC. This sugges-
tion is consistent with the present high-field MR measure-
ments showing that the relevant contribution to QCC should
come from the REEI term. The fact that SRO is a ferromag-
netic material might explain why the WL term is suppressed.

Now, it appears noteworthy to explore the magnetotrans-
port properties of a disordered nonmagnetic perovskite ox-
ide. In this case, the WL term should not be suppressed due
to the lack of any internal magnetic field and its presence
should be reflected in the magnetotransport properties. An
optimal candidate to explore this issue is LNO, which is a
metallic perovskite oxide with no long-order magnetic corre-
lations. In the past, QCC have been put forward to explain
the low-temperature magnetotransport properties of LNO.9,20

It has to be noted that the samples under that study were
polycrystalline in nature, and that a significant contribution
to resistivity coming from grain boundaries could not be
avoided. In our case, we have performed transport measure-
ments on a high-quality epitaxial LNO thin �t=240 nm� film
grown on a LaAlO3 substrate17 and thus, we expect that any
grain boundary contribution should be minimized.

Figure 3�b� �inset� shows the temperature dependence of
the resistance of the LNO film measured at H=0 and 9 T.
The data indicate that the total MR is negative. However, in
contrast to the SRO case, the minimum of resistance under
field is shifted slightly toward lower temperatures. To com-
pare better both curves we proceed as previously: we have
shifted the curves by subtracting the resistance value at the
minimum �see Fig. 3�b�, main panel�. Data in this figure
clearly reveal that the resistance upturn, measured under
field, is shifted to a lower temperature and down to the low-
est temperature, the resistance is reduced when compared to
its zero-field value. That means that the application of the
magnetic field has suppressed partially the effects of QCC.
One can, therefore, assign tentatively this effect to a suppres-
sion of the wave coherence of the carriers by the field, i.e., a
field suppression of WL. To clarify further this issue, the
field dependence of the electrical resistivity of the LNO film,
showing a minimum near 10 K �see Fig. 1�b��, was analyzed
at different temperatures. As observed in Fig. 5�a� �see also
inset in Fig. 3�b��, the magnetoresistance, defined as MR
= �R�H�−R�0�� /R�0�, is negative, but the magnitude de-
creases monotonically with increasing temperature, and
above �15 K it becomes negligible. Indeed, the MR mea-
sured at 20 K is practically washed out, i.e., the negative MR
vanishes at temperatures somewhat above the resistance up-
turn. One can assign this remarkable temperature dependence
to a negative MR arising from destruction of weak localiza-
tion by the application of magnetic field. For large enough
fields, the field dependence of the electrical conductivity at
low temperatures should follow either a �H dependence �3D
limit� or a ln H dependence �2D limit�, whereas for small
fields an H2 dependence has been predicted.1 We have veri-
fied that the experimental ��=��H�−��0� data are better
fitted when plotted against H1/2 as shown in Fig. 6 and, there-
fore, we assume henceforth that we are in the 3D limit. We

FIG. 3. �Color online� Insets: Resistance versus temperature
data measured at zero field as well as at field of 48 T for typical
SRO �a� and at 9 T for LNO �b� films. Main panels: temperature
dependence of the resistance measured after subtraction of the re-
sistance at minimum at zero field as well as at field of 48 T for SRO
�a� and at 9 T for LNO �b� films.

FIG. 4. �Color online� The field dependence of the magnetore-
sistance MR= �R�H�−R�0�� /R�0� at different temperatures is plot-
ted for the same SRO film as in Fig. 3�a� �t=3.5 nm�.
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see in Fig. 5�b� that �� measured at 2 K follows an H1/2 law
above �1.5 T. This figure also shows �� vs H1/2 measured
at higher temperatures. We see that as the temperature in-
creases, the magnetoresistance becomes smaller and the
R�H� curves deviate progressively from the H1/2 dependence.

This can be explained by the gradual washing out of the
weak-localization effect as T increases.

The field-induced conductivity change �negative magne-
toresistance� ��=��H�−��0� resulting from the suppression
of weak localization by a magnetic field is given by1

�� = m�H , �3�

m =
e2

2
2
�e/�f�x�

where x=� / �4eHlin
2�; lin is the inelastic mean free path,

which is temperature dependent, and f�x� is a smooth func-
tion of x �see Ref. 1�. We have observed that the �� data
were best fitted against an H1/2 dependence �see the fitting in
the range 1.5
H
9 T of the curve measured at 2 K �Fig.
5�b���. This case corresponds to the asymptotic value of
x�1 and, therefore, f�x�=0.605,1 and thus the theoretical
value of m is �291 	−1 m−1 T−1/2. This value compares
nicely with the experimental one m�208.5 	−1 m−1 T−1/2,
extracted from the fit of data in Fig. 5�b�.

On the other hand, as shown in Ref. 1, the condition
x�1 means that lin��� /4eH�13H−1/2 nm, i.e., in the
range of the analyzed fields �H=1.5–9 T�, lin�4–10 nm.
Indeed, phase-coherence lengths of around 15 nm have been
determined in LaNi1−xCoxO3 �x=0.25–0.4�.9 Here we recall
that the thickness of the analyzed sample is t�240 nm,
which is far above the estimated inelastic cutoff length lin at
�10 K and then the assumption of a 3D limit is consistent.
Therefore, it follows from experimental data and these cross
checks that the magnetoconductance can be well explained
by the suppression of weak localization by the applied field.

The previous conclusions are further verified for the T
dependence of the resistivity. The temperature dependence of
the WL contribution to QCC is given by1

��WL =
e2


3lin
, �4�

where lin is the T-dependent inelastic cutoff length. To get an
estimate of lin we have fitted the ��T� of the LNO sample by
using

��T� =
1

�0 + aWLTp/2 , p = 2, �5�

where ��WL=aWLT, in the range 5
T
7.5 K; notice that
only the WL contribution is considered �see the inset of Fig.
5�b��. A value aWL�100 	−1 m−1 K−1 has been obtained
from this fitting. From Eqs. �4� and �5� it follows that

lin =
e2


3aWLT
. �6�

Substituting values, we find that 10� lin�80 nm in the range
1
T
10 K. This result agrees with the above assertion ac-
cording to which lin�4–10 nm. Recalling that the film
thickness is t�240 nm, this confirms the 3D regime of this
sample �see also Fig. 6� and, thus, the analysis of ��T� con-
sidering WL contribution is consistent with that of the H
dependence of the MR.

FIG. 5. �Color online� �a� The field dependence of the magne-
toresistance MR= �R�H�−R�0�� /R�0� at different temperatures is
plotted for a LNO film with thickness t=240 nm. �b� The magne-
toconductance change ��=��H�−��0� is plotted versus H1/2 at dif-
ferent temperatures for the same LNO film. The dashed line through
the 2 K ���T� data is a fitting using Eq. �3�. Inset: The T depen-
dence of � is fitted to Eq. �5� �dash-dotted line� in the range 5
T

7.5 K.

FIG. 6. �Color online� The magnetoconductance change ��
=��H�−��0� is plotted versus H1/2 �3D limit� and versus ln H �2D
limit� in the same range of H values for the same LNO film of
Fig. 5.
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Before concluding we would like to address the signifi-
cance of the observed Ohmic behavior of measurements on
SrRuO3 films. Indeed, current-voltage I�V� characteristics
have been measured at 4 K for all samples and it is found
that up to the maximum applied voltage ��40 mV� all
samples display an Ohmic behavior. In the weak-localization
regime, electron-electron correlations renormalize the den-
sity of states at the Fermi level and, as shown in Refs. 1 and
2, the single-particle density of states is given by g���
=g�E−EF�=g0�1+ �� /��0.5� where � is the so-called correla-
tion gap. The presence of a finite � implies that the conduc-
tance of the sample may not be linear in the applied voltage.
Indeed, early tunneling experiments performed on the
closely related LaNixCo1−xO3 oxide revealed a non-Ohmic
behavior, with a correlation gap of about ��5 meV for x
�0.75.20 Our experimental finding of an Ohmic behavior at
least up to 40 mV in measurements performed at 4 K could
be interpreted as an indication of a thermal-smearing effect
in the conductance or that the correlation gap is substantially
smaller that 40 mV. However, as signaled by Raychaudhuri
et al.,20 alternative explanations could not be disregarded.
For instance, the coexistence of inelastic scattering process at
the barriers below the electrical contacts would also give rise
to the Ohmic behavior. Of course, this discussion is mean-
ingful only if the measured voltage-dependent conductance

reflects exclusively the density of states g��� in the film. The
available data do not allow extracting, at this moment, more
conclusive information on the significance of the observed
Ohmic behavior.

In summary, quantum corrections to the conductivity suc-
cessfully describe the low-temperature electrical conductiv-
ity of the metallic perovskites SRO and LNO. The presence
of QCC is fingerprinted by the occurrence of resistivity
minima at some temperature Tmin. In general, these quantum
effects could arise from two different sources: weak localiza-
tion and renormalization of electron-electron interactions.
Here, we have shown that the WL term is suppressed in the
ferromagnetic SRO by the strong internal field, whereas in
LNO this term is relevant. We attribute this difference to the
fact that LNO is nonmagnetic; in absence of a large internal
magnetic field, weak localization prevails. This is manifested
by a negative magnetoresistance which disappears at tem-
peratures above Tmin. Instead, in SRO the WL term is can-
celed, the REEI contribution prevails, and a positive contri-
bution to magnetoresistance follows.
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