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Abstract. We report a systematic study of the low-temperature electrical resistivity of epitaxial nanometric
SrRuO3; and LaNiOs thin films. Weak localization effects were taken into account in order to explain
the presence of minima in the p—T curves. This description can be rationalized by the fact that, at the
given growth conditions, the mean free path was comparable to the Fermi wavelength of the carriers, so
that effects arising from quantum interference of the electronic wavefunctions were expected. The results
reported here are of special interest to understand the relevance of weak localization effects in oxides.

PACS. 72.15.Rn Localization effects (Anderson or weak localization) — 72.80.Ga Transition-metal
compounds — 73.50.Bk General theory, scattering mechanisms

1 Introduction

The description of the transport properties in metals
is usually based on the Boltzmann theory, according to
which the carriers are described from a semiclassical ap-
proach. This description is valid in the limit k! > 1, that
is, the mean free path [ must be far larger than the wave-
length A\p = 27/kp of the carrier wavefunctions in order
to describe them as quasi-particles having a definite mo-
ment k and a position 7. However, when the above condi-
tion is violated, new interesting phenomena can arise due
to the inherent wavelike nature of the carriers when the
mean free path is similar to the wavelength of the carrier
wavefunctions. Particularly, one should expect that effects
coming from the interference of the quantum wavefunc-
tions should be relevant, leading to what is known in the
literature as weak localization effects (WLE) [1-3]. These
effects are taken into account by adding a temperature-
dependent quantum correction term to the Boltzmann
conductivity, that in the case of the weak disorder limit is
of order ~(kpl)~1.

WLE are originated by the constructive interference of
the carrier wavefunctions as the carriers are backscattered
coherently through the material by a random distribution
of scattering centers. There are three relevant lengths to
be considered in order to have significant WLE, namely,
the Fermi wavelength (Ar), the mean free path (I) and
the inelastic mean free path (l;,). The relevance of the
last parameter appears due to the fact that the wave co-
herence has to be kept at long enough distances in order
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to have a significant interference. During the inelastic col-
lisions, the wave coherence is lost in inelastic collisions due
to electron-electron, electron-phonon or electron-magnon
interactions. Therefore, in order to have a long enough
inelastic mean free path, the temperature must be low
enough, that is, WLE are usually observed at low temper-
ature. The occurrence of WLE is signaled by the presence
of minima in the resistivity-temperature (p—T") curves. On
one hand, as the temperature decreases, the wave coher-
ence of the carriers is enhanced, and WLE are reinforced,
leading to an enhancement of the resistivity. On the other
hand, as the temperature rises, the wave coherence is pro-
gressively lost and WLE are weakened, while the normal
metallic behaviour is gradually recovered.

WLE are affected by magnetic fields, since their pres-
ence modifies the coherence of the carrier wavefunctions,
modifying the relevance of the quantum interference ef-
fects. The theory predicts typical magnetic field func-
tional dependences for the magnetoresistance coming from
WLE [1-3]. Thus, the occurrence of quantum interference
effects can be tested by analyzing the field dependence of
the magnetoresistance.

In the following, a brief review of previous works on
WLE analysis in a variety of materials is given. The reader
can consult reference [3] and references therein for further
information.

WLE have been proposed to explain the low temper-
ature transport properties of doped semiconductors as
Si:P [4] or Ge:Sb [5]. In this case, the carrier density is
typically n < 102° cm™2, far below what is commonly
found in good metals. Since the carrier wavelength goes
as )\Fom_l/?’, we have Ap > a, where a is the lattice
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parameter. Since WLE depend on the A/l ratio (see be-
low Eq. (1)), quantum interference effects are enhanced in
these materials.

In alloys and composites such as Au-Pd, Cu-CuO, Al-
Al,Og3, Au;_,Ge,, Nby_,Si,, transport properties were
also analyzed taking into account WLE [3]. In these cases,
the metallic matrix is a good conductor with a large mean
free path, so that [ > a. But the mean free path is short-
ened by introducing foreign atoms at random positions
and introducing structural disorder. By reducing [, the
Ar/l ratio can be increased and WLE are enhanced.

WLE were also analyzed in ultra-thin metallic films
(Cu, Mg, Ag, Au, Pt, with thickness ¢ < 20 nm). Now,
albeit the mean free path is large, WLE are enhanced
because of the drastic reduction of one of the dimensions,
which strongly enhances quantum interference.

Finally, oxides show a plethora of interesting phenom-
ena, related to the fact that they are strongly correlated
electronic systems, including some of the more challenging
questions in condensed matter physics, such as non-Fermi-
liquid behaviour, high-T, superconductivity or colossal
magnetoresistance. In some oxides the mean free path
calculated from the transport properties is such that we
have kprl ~ 1, so that the Ioffe-Regel limit is approached.
This occurs because high carrier densities approach those
of the good metals while the conductivity is noticeably
lower. For instance, this situation is given at high temper-
ature in some oxide compounds like StRuOg3 (SRO) [6,7]
or YBayCu3O7 [8], where even though the mean free path
approaches the Fermi wavelength, there is no resistivity
saturation, as is seen in other non-oxide compounds. For
that reason, these oxides are often nicknamed as bad met-
als.

On the other hand, the condition kgl ~ 1 can also be
accomplished at low temperature, and in these cases devi-
ations from the normal Boltzmann theory due to the co-
herent backscattering of carriers may become significant.
We emphasize that even in samples with a high degree
of crystalline order, the mean free path can be intrinsi-
cally very short. Indeed, indications of WLE have been
reported in Lag,3Ca;,3MnO3 samples but their presence
was not conclusively demonstrated [9]. The high magne-
toresistance of manganites and their strong sensitivity to
magnetic disorder are a hindrance to a further verification
of WLE by performing extended experiments on magne-
toresistance. We can partially overcome these shortcom-
ings using SrRuQOj samples, since it is a ferromagnetic
perovskite which has a weaker magnetoresistance due to
its far weaker sensitivity to magnetic disorder. Indeed,
WLE have been suggested in the past to explain the low-
temperature electrical transport properties of SRO thin
films [10].

For 3D systems, WLE are given by [1-3]

o0y Ar 3/2 /g T\ /2 "
09 l I

where p ~ FEp is the Fermi energy. Generally, quantum
corrections to the electrical conductivity include a term
due to the self-intersection of the quantum wavefunctions
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and another that includes the Coulomb electron — elec-
tron interactions renormalized by self-interference effects.
In the expression equation (1), only the term containing
the e—e™ interaction quantum correction is considered,
since in this work we are dealing with a strongly corre-
lated electronic system. Indeed, usually this term is clearly
stronger than the self-interference term, so that the lat-
ter can be neglected in the analysis [3]. Definitely, this was
corroborated by the analysis performed on the experimen-
tal results on our samples, as explained below, and so the
self-interference term was dropped from the model.

2 Objectives

We have scrutinized the low-temperature transport prop-
erties of STRuO3 (SRO) thin films by fitting their electrical
conductivity to the WLE model described by equation (1).
The relative strength of the quantum effects was modu-
lated by modifying the microstructure by changing slightly
the growth conditions. In particular, in a series of films,
the cooling rate down to room temperature from deposi-
tion temperature was changed. In another series, the films
were grown on substrates having different miscut angles.
In this way, the mean free path could be tuned, so that the
Ar/l ratio was varied. The analysis confirmed that WLE
explain the presence of minima in p(T) curves at low tem-
perature. The role of disorder on these quantum effects
has been also evidenced by creating defects artificially by
bombarding with Ar™ ions. Signatures of field suppressed
WLE have been observed in magnetotransport measure-
ments on SRO thin films. It turns out that the coexis-
tence of negative magnetoresistance associated with the
ferromagnetic character of SRO may overcome WLE, thus
making difficult to discriminate between these two effects.
We attempt to overcome these difficulties by extending the
WLE analysis to another oxide, LaNiO3 (LNO), which in
contrast to SRO doesn’t show any magnetic correlation.
It is shown that the low-temperature p(7') curves can be
successfully fitted to the model described by equation (1)
both in SRO and in LNO thin films.

3 Low-temperature analysis
of the conductivity in SrRuQO3 thin films

Films used in this work were grown on SrTiOjz sub-
strates by pulsed laser deposition with a KrF excimer laser
(A =248 nm, 7 = 34 ns). The oxygen pressure during the
deposition was set to 0.1 mbar and the substrate temper-
ature to 750 °C. Experimental details of the growth con-
ditions and the structural characterization can be found
elsewhere [11-13]. Since it is relevant for the following dis-
cussion, we should mention here the existence of a growth
mode transition from an initial 3D-growth to a final 2D-
growth in SRO thin films grown on nominally zero-miscut
STO(0 0 1) substrates. The initial 3D-growth induces the
formation of finger-like structures along well defined di-
rections following the substrate steps. As the thickness
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Fig. 1. Plot of the resistivity against the temperature for
(a) two samples cooled down to room temperature at dif-
ferent rates (A slow, B fast). In (b), the two samples were
grown on two SrTiOgz substrates having different miscut angles
(A @ =0° B a=2°). In both figures, fittings to equation (2)
are plotted, showing excellent agreement with the experimen-
tal data. The temperatures at which the minima appear are
written next to the corresponding curves.

increases the finger-like structures eventually coalescence
and thereafter the growth proceeds by a 2D step mecha-
nism [13].

As stated above (Eq. (1)), WLE depend on the ratio
Ar/l and, therefore, quantum corrections can be modu-
lated by modifying the mean free path [. With the aim
of controlling [, we have modified the microstructure by
different methods which will be discussed in the following.
We must emphasize that microstructural disorder was var-
ied without altering the chemical composition of SRO.

In one series of films, the microstructure has been con-
trolled by changing the cooling rate from the film deposi-
tion temperature down to room temperature [12]. This
could be achieved by varying the gas pressure of the
growth chamber when the sample was cooled down to
room temperature after film deposition. A low-pressure
Oo— or Ar— atmosphere implied a slow cooling rate,
whereas a high-pressure Oo— or Ar— atmosphere implied a
faster cooling rate. As observed in Figure la, two films
having nearly equal thickness clearly display different
residual resistivities depending on the cooling rate, being
smaller that corresponding to the film cooled down faster
(B, t = 6 nm). No significant differences were observed
between cooling in Oz or in Ar, hence the cooling rate is
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essentially the only relevant parameter. These results can
be rationalized by the results reported from the analysis
of the temperature dependence of the bulk SRO crystal-
lographic structure by synchrotron X-ray diffraction [14].
This study reveals that a series of polymorphic transitions
occur within the temperature range 300 K < T < 950 K.
We suggested [12] that at the regions where the initial
elongated structures coalesce the strain relief can stabilize
a polymorphic phase which is different from that present
in the regions inside the islands. Thus, the amount of dis-
order could be influenced by the cooling rate after the de-
position. Within the context of this paper, it is important
to observe that the film having a higher resistivity shows
the resistivity minimum at a higher temperature, revealing
the significance of disorder in the low-temperature trans-
port properties.

As an alternative method of modifying the film mi-
crostructure, we have grown SRO thin films on SrTiOj
substrates having different vicinalities. It is well known
that the microstructure of the SRO thin films is strongly
influenced by the miscut angle of the substrates [15]. In-
deed, in view of the observed growth mode transition from
3D- to 2D-growth, one should expect that the coalescence
of the initial islands should occur at a different stage for
different substrate miscut angles. In fact, the finger-like
structure has the same periodicity as that of the substrate
steps and thus, if the width of the substrate steps varies,
the coalescence will take place at a different stage [13].
Thus, the density of defects should depend also on the
substrate vicinality. In Figure 1b, the resistivity of two
films with the same thickness ¢ = 6 nm, but grown on
substrates with different miscut angle, one on nominally
a = 0° (A) and the other with o = 2° (B) is shown. As ev-
idenced by this picture, the film grown on the most vicinal
substrate has a lower residual resistivity, implying that in
this film the structural disorder is smaller. In close anal-
ogy with the results reported above, the film with higher
residual resistivity showed the resistivity minimum at a
higher temperature.

The properties of the low-temperature transport prop-
erties of the previous samples were analyzed on the scope
of WLE, by fitting the experimental p(T) curves according
to the following equation [12]

1

2
m‘i‘bT . (2)

p:

In addition to the quantum corrected resistivity term, a
term in T2 is included in addition to quantum corrections
to account for high temperature scattering contribution.
The discussion of the T2 term is out of the scope of this
paper and we will concentrate on the aT'/2 term account-
ing for the quantum corrections.

Fittings of the experimental p(T') data according to
equation (2) were performed in the 5 K < T < 30 K
temperature range, and are displayed in Figure 1. Note
that as the residual resistivity increases, that is, as the
microstructural disorder is increased, the physical mecha-
nisms lying behind the occurrence of minima in p(T") are
enhanced, since they are shifted to higher temperatures.
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plotted against o, 172 Wwhere oy is the residual conductivity.

Thus, it seems that WLE are reinforced when the mean
free path is shortened, and this is accomplished by mod-
ulating the microstructural disorder.

This observation can be further confirmed by consider-
ing the theoretical dependence of the quantum correction
term a on the residual conductivity oy:

a=\ <n62>3/2 (2m*k3)1/2
=\t — A

- oy /2 (3)

h 0

From equation (3) it follows that the a values, obtained
from the fittings to the experimental data, should display
a linear dependence when plotted against (0‘0)_1/ 2. As
shown in Figure 2, this is the observed behaviour. From
the slope of the data displayed in Figure 2, the Fermi
wavelength can be estimated (see Eq. (3)), since the other
parameters are known (the effective mass of the carriers
can be estimated to m* ~ 3.7 m, from Ref. [16]). From
this analysis it comes out that A\p ~ 2 A, that is close
to the theoretic value \p ~ 4.5 A, hence giving further
support to our analysis.

The quantum correction theories corresponding to
weak localization which have been applied here to analyze
the conductivity at low temperature are valid provided
that they are much smaller than the Boltzmann conduc-
tivity, i.e., that do = aT'? < (. The results of the
fittings show that in the studied interval of temperatures
(5 K < T < 30 K), the highest ratio is do /oo ~ 0.1, so we
can reliably use the weak disorder limit for the quantum
corrections presented above.

An alternative way to probe further the role of dis-
order and to probe its relevance on quantum interfer-
ence effects, is to create defects artificially by irradiating
samples with ions. In our case, we started from samples
with thickness ¢ = 20 nm grown consecutively in identi-
cal growth conditions. Resistivity measurements indicated
that the virgin films did not have any minimum in p(T)
for T > 5 K. These samples were susbsequently bom-
barded using a Varian 200 keV implanter (at the lab-
oratory from the Centro Nacional de Energia Atomica
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Fig. 3. The p(T') curves for SRO samples irradiated at dif-
ferent doses are plotted in (a) The p(T) curve labelled as A
corresponds to the resistivity of sample C before irradiation.
In (b) the low-T region is zoomed for curves A and C (and
therefore belongs to the same sample).

(CNEA-CAC), Buenos Aires, Argentina) with Ar™ ions
having an energy E = 100 keV at different irradiation
doses. The effect of the ion irradiation can be seen in Fig-
ure 3a, where the p(T) curves for different doses are plot-
ted, showing that at some particular doses a minimum
appears at T’ > 5 K. Thus, bombarding a SRO sample
with a dose of 5 x 10'2 Art jons cm~2 promotes the pres-
ence of a minimum at T ~ 10 K (see Fig. 3b). However,
for lower doses (1 x 10'2 Ar™ ions cm~2), although there
is an increase of the resistivity, no minimum above 5 K is
found and for higher doses the samples became insulating
(>1 x 10 Ar* ions cm™~2). Therefore, the same trends
as observed in the previous set of measurements in SRO
thin films are confirmed.

4 Field-dependence of the magnetoresistance
in SrRuO3 thin films

To further probe the relevance of quantum corrections to
the conductivity in our SRO thin films, measurements
under zero and applied magnetic fields were done. As
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Fig. 4. The magnetic field—dependence of the conductivity
measured at 7' = 2 K and at T = 20 K are displayed. These
measurements correspond to a film with thickness t = 6 nm
showing a minima in the resistivity at Ty, ~ 10 K. In the
inset, the InAo(H,T) = In(c(H,T) — 0(0,T)) experimental
points corresponding to the measurement at T' = 2 K were
fitted to equation (5) against InH in the range 75 kOe < H <
90 kOe.

discussed above, magnetoresistance measurements may
confirm the presence of WLE through specific field
dependences.

The experiments were carried out by applying a mag-
netic field perpendicular to the film plane, that is, near the
easy magnetic axis [17]. Thus, we minimized other mag-
netoresistive contributions, such as the anisotropic mag-
netoresistance (AMR), which is experimentally known to
be particularly strong in SRO due to the strong spin-
orbit coupling in this compound. We performed an anal-
ysis of the field-dependence of the magnetoresistance at
fields 5 T < |H| < 9 T, since the field needed to saturate
the SRO thin films is above 2 T [18]. Any contribution
coming from Hall effect was minimized by changing the
polarity of the applied field at each value and suppress-
ing the antisymmetric part of the voltage. The experi-
mental field-dependent magnetoconductance MR (H) data
were recorded at different temperatures in the interval
2 K <T < 35K. In Figure 4 we can see the MR(H) curves
measured at T = 2 K and at T' = 20 K, for a film with
thickness ¢ = 6 nm, showing a minimum at T;,,;, ~ 10 K.
Thus, the data displayed in Figure 4 corresponds to mea-
surements performed clearly below and above the resis-
tivity minimum, respectively. The expected behaviour for
3D-systems in which WLE are suppressed by an applied
magnetic field follows this dependence [3]:

AU(H;T):U(H,T)—O'(O,T):f(x)(eH/h)l/Q (4)

where z = hc/(4eHI2,) and l;, is the inelastic mean
free path, which is temperature-dependent, and f(z) is
a smooth function of = (see Ref. [3]). For z < 1, the func-
tion f(x) tends to a constant. It can be easily estimated
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that for H ~ 100 kOe the previous condition is satisfied
provided that l;, > 10 nm. We can rewrite equation (4)
into
In Ac(H,T) = n(f(x))+(1/2)In(e/h)+(1/2)in(H). (5)
The InAo of the curve corresponding to the measurement
at T = 2 K was fitted to equation (5) against InH in the
range 75 kOe < H < 90 kOe, and the resulting fitting
is displayed in the inset to Figure 4. The slope obtained
from the lno—1In H linear fit is m = 0.489 in contrast
to the value m = 0.5 expected from equation (5). Thus,
it would seem that in the interval of fields analyzed, the
function f(z) remains essentially constant and the main
contribution comes from the InH term. Hence, one could
easily attribute the M R(H) dependence to the suppres-
sion of the wave coherence by the applied magnetic field.
However, these considerations must be taken with cau-
tion. SRO is a ferromagnetic compound and, thus, it has
a large internal magnetic field and, therefore, it should
be expected that high fields are needed in order to ac-
tually modify the coherence of the wavefunctions. With
these precautions in mind, we remark in Figure 4 that
the MR(H) curves measured at T = 2 K < T, and
at T = 20 K > T,,;» are both negative and increase
with field at similar rates. That means that the phenom-
ena that lead to such magnetocoductance are very similar
above and below the temperature T},;, at which the min-
imum appears. Thus, these experiments do not allow to
discriminate between the contributions to the magnetore-
sistance coming from the suppression of WLE and from
other sources. Probably, in order to determine the contri-
bution of WLE to the magnetoresistance, the application
of substantially higher magnetic fields than the used here
are required.

5 Low-temperature analysis
of the conductivity in LaNiOj3 thin films

At this point, LaNiO3 (LNO) appears as a good candi-
date to check all these effects, since it is a metallic oxide
with no magnetic correlations. Indeed, in the past WLE
have been put forward to explain the transport properties
at low temperature of LNO bulk polycrystalline samples
[19,20]. In these works, the analysis of the low-
temperature dependence of the electrical conductivity,
magnetic field-dependence of magnetoresistance measure-
ments and tunneling experiments supported the assump-
tion of the presence of WLE in this oxide. However, it
must be noted that the samples under that study were
polycrystalline in nature, and that a significant contribu-
tion coming from grain boundaries could be present. In
our case, we performed transport measurements on high-
quality epitaxial LNO thin films and, thus, such contribu-
tion could be avoided.

LNO thin films on LaAlOs (0 0 1) substrates have
been prepared by pulsed laser deposition. Details of the
growth conditions and structural characterization can be
found elsewhere [21]. Under certain growth conditions,



444

332]
3314
3304
329

p(pQcm)

328+

327 -

25 30

Fig. 5. Plot of p(T") of a LaNiOs thin film with thickness
t ~ 240 nm showing a minimum at ~10 K. The figure also
shows the fitting to equation (2).

minima in the p(T') curves appeared, and they were ana-
lyzed following the same procedure as in SRO thin films.
The solid line through the experimental points in Figure 5
shows the result of a fitting of p(T) at low temperature
(5 K < T < 30 K) using equation (2) for a LNO film
with thickness ¢ ~ 240 nm, grown at 7' = 600 °C and in a
pressure of 0.1 mbar. The fitting is excellent, and it seems
to indicate the occurrence of WLE in our LNO samples.
Extensive details of the fitting procedure and the signifi-
cance of the extracted parameters from the fittings will be
reported separately. Here we would like just to emphasize
that LNO thin films appear as optimal candidates to carry
on more measurements to probe the relevance of quantum
corrections to the conductivity.

6 Conclusions and perspectives

We have focused on the low-temperature transport prop-
erties of STRuO3 and LaNiOg thin film oxides. We suggest
that the presence of minima in the p(T) curves can be ex-
plained by quantum corrections to the conductivity com-
ing from weak localization effects. The results reported
here will help to understand the relevance of these quan-
tum corrections in strongly correlated metallic systems
such as the present oxides.

At the same time, we have emphasized the role of dis-
order in the relevance of WLE, which modulates the rel-
ative strength of quantum corrections through the tuning
of the mean free path. The essential contribution to the
WLE comes from Coulomb electron — electron interactions
renormalized by self-interference effects. Thus, in addition,
we evidenced the influence of disorder on the electron —
electron interactions.

More experiments are in perspective. Studies of
the magnetic-field dependences of the magnetoresistance
should be relevant to probe further the scope of WLE in
our thin films. In this view, LNO thin films are optimal,
since they do not show magnetic correlations and, thus,
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the contributions of magnetoresistive effects other than
WLE can be avoided.
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