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Electron-electron interaction and weak localization effects in badly metallic SrRuO3
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We report on the effect of light ion irradiation on the low-temperature electrical resistivity of ferromagnetic
SrRuO3 thin films. Fresh samples displayed a ferromagnetic transition atTc;160 K, good metallic behavior
„r(300 K);400mV cm, dr/dT.0… at room temperature, and the low-temperature upturn in the electrical
resistivity commonly found in SrRuO3. Badly metallic films, displaying high values of the electrical resistivity
„O(1000mV cm)… and incipient nonmetallic behavior (dr/dT,0) at low temperature, were obtained by He1

irradiation. For high enough irradiation doses, these samples did not show magnetic order down to the base
temperature of our experiments. The temperature dependence of the electrical conductivity of virgin and
irradiated samples is discussed in terms of a weak localization contribution plus a large electron-electron
interaction term. The magnitude of thee2-e2 contribution reflects the enhancement of strong electron corre-
lations in SrRuO3 due to disorder.
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INTRODUCTION

Materials classified as ‘‘bad metals’’ have focused a gr
deal of interest during the past years. Among the remarka
properties of this class of systems, perhaps the most cha
teristic is their anomalous electrical resistivity, which tak
extremely high values. Furthermore, the electrical resistiv
does not seem to approach the saturation value above r
temperature, as it is usually observed in other poorly c
ducting metals.1,2 Many of the most interesting and exot
materials discovered during the last decade belong to
category. We will mention here high-temperature superc
ductors, fullerenes, and organic superconductors as exam
of such materials. Thus, the term ‘‘bad metals’’ embrac
strongly correlated electron systems in the limitkFl
5O(1), i.e., materials for which the room-temperature r
sistivity value, well above the Ioffe-Regel limit for the me
tallic state, implies an electronic mean free path shorter t
the interatomic spacing.3 In this case, the Boltzmann theor
of transport is not applicable, and deviations from meta
temperature dependence of the electrical resistivity are
ally observed.4

SrRuO3 is an orthorhombically distorted perovskite, th
only example of ferromagnetism in a conducting 4d
transition-metal oxide. This material has been classified
badly metallic itinerant ferromagnet.5,6 The actual nature o
magnetism in this system is not fully understood yet.7,8 Al-
though it was usually considered as a typical example
itinerant ferromagnetism, several authors have pointed to
perimental facts that cast some shadows on such a sim
picture. The possibility of a significant contribution to ferr
magnetism coming from localized moments has be
proposed.9 Klein et al. have shown that the itinerant mod
for SrRuO3 is clearly an oversimplification. As a matter o
fact, they have proposed that this system represents a w
0163-1829/2001/63~5!/052403~4!/$15.00 63 0524
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class of badly metallic itinerant ferromagnets,10 different of
both good metals~Ni, Co, Fe! and very poor conductors a
the perovskite manganites. The properties of these mate
with kFl<O(1) are not well described within the prese
theoretical frames, not only because of the lack of a thoro
theoretical study but also due to the scarce experimenta
formation available.

In a previous work we have discussed the effects of ir
diation damage on thin film samples of SrRuO3.

11 Interest-
ingly enough, ion damage destroys ferromagnetism, w
for virgin films grown on the same substrate with differe
deposition conditions the Curie temperature remains es
tially unchanged (Tc;160 K). In this paper we present
study of the low-temperature resistivity of poorly conducti
thin-film samples of SrRuO3 obtained by ion irradiation, and
virgin samples displaying a low-temperature upturn of t
resistivity. The results will be discussed in terms of we
electron localization and electron-electron interaction in d
ordered systems.12

EXPERIMENT

The samples studied in this work were grown from
SrRuO3 target on~100!-oriented MgO substrates. A high
pressure dc sputtering system was used, with pure oxy
~3.6 mbar! as discharge gas. Some of the samples were
tained by 80-keV He1 irradiation with doses up to 5
31015/cm2 of virgin films showing metallic behavior in mos
of the experimental temperature ranges and ferromagn
order belowTc;160 K. The films studied in this work were
around 1000 Å thick and presented values of the ro
temperature electrical resistivity in the range between 5
and 1000mV cm, with negative values ofdr/dT at low tem-
peratures, which indicates an incipient departure from me
lic character. Structural characterization was performed
©2001 The American Physical Society03-1
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x-ray diffraction ~Siemens D5000! using CuKa radiation.
Scanning electron microscopy and high-resolution transm
sion electron microscopy experiments were conducted
characterize structural changes taking place as the effe
irradiation. dc electrical resistivity~r! was measured in the
temperature range 1.5–300 K. For both samplesr(T) was
measured with different values of applied magnetic fi
ranging betweenH50 and 70 kOe.

RESULTS AND DISCUSSION

From the x-ray spectra we inferred that the films gr
well textured, with the pseudocubic~001! direction perpen-
dicular to the substrate. Increasing irradiation doses resu
in an enlargement of the pseudocubicc-lattice parameter.11

Scanning electron microscopy observations revealed
granular structure with an average grain size of 0.5mm. Sur-
face topography and grain size were not affected by irra
tion. Transmission electron microscopy experiments p
formed using cross-section geometry before and a
irradiation showed that the intergrain structure was
changed due to the irradiation process either. A struct
coherence length of 300 Å was obtained from the x-ray d
fraction peaks using the Scherrer formula. This value w
also not modified upon irradiation. This suggests that, like
other oxide perovskites,13 defects created by irradiation con
sist mainly of point defects, most likely related to oxyg
displacements, due to the small mass of oxygen compare
the other constituent elements. Lattice strains due to p
defects could explain the expansion of the pseudocu
c-lattice parameter observed in the irradiated samples.

The electrical resistivity as a function of temperature
irradiated„~a! and~b!… and virgin„~c!… samples is depicted in
Fig. 1. Our measurements reveal a clear ferromagnetic t
sition taking place atTc;160 K for the virgin film. On the
other hand, no signs of a magnetic transition are obser
down to the base temperature of our experiments, for sam
~a!, which was irradiated with the highest He1 dose. In Figs.
2 and 3 the electricalconductivities~s! of films ~a! and ~c!

FIG. 1. Temperature dependence of the electrical resistivity
three SrRuO3 thin films: ~a! He1 irradiated~nonmagnetic sample!
with a dose 531015 cm22; ~b! He1 irradiated with a dose 3.5
31015 cm22; ~c! virgin sample (Tc;160 K).
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are presented as a function ofT1/2. The low-temperature de
pendence ofs can be described quite well by a model th
considers the effects of electron-electron interaction a
weak localization in three-dimensional~3D! systems.4 In this
case,s takes the following form:

s~T!5s01mT1/21BT, ~1!

where the square root term accounts for the effect of
e2-e2 interaction12,14 ~the Altshuler-Aronovcorrection!, and
the linear term is the weak localization correction to t
conductivity.15 Our samples are still enough apart from t
metal-insulator transition~MIT ! to consider the alternative
temperature exponent for the interaction correction~1

3! that
other authors have predicted right at MIT~Ref. 16! or more
sophisticated analysis proposed to avoid unphysical fitting
the low-temperature conductivity when approaching the

f
FIG. 2. Temperature dependence of the electrical conducti

of sample~a!, plotted ass vs T1/2. Solid lines are fits to Eq.~1! with
the parameters given in text. The inset shows the correction to
electrical conductivity„Ds5s (T)2s0… vs T as a log-log plot,
which includes a solid line of slope12.

FIG. 3. Temperature dependence of the electrical conducti
of the virgin sample, plotted ass vs T1/2. Solid line is a fit to Eq.
~1! with the parameters given in text. The inset shows the correc
to the electrical conductivity„Ds5s(T)2s0… vs T as a log-log
plot, with a solid line of slope1

2.
3-2



k
-

of
rv
ity

e

be
a

n
is
ce
h

n

r-

e

e
-
e
pe

s-
u

ld
e

ica
on

i

di
tu

t

tu
e
a

1.

s
ca

w

ter
ra-

in
f

of

the

ron

the
l
nic

-

we

n
ct
n-

ree
the
is-
to

at
of

mit
-
’s
r-
ut

er

s of
’’
nce-
n.
al-
in

he
igh
nse-

BRIEF REPORTS PHYSICAL REVIEW B 63 052403
sulating regime.17 We consider that the films are thic
enough~1000 Å! as to discard effects coming from two
dimensional behavior. At least from the point of view
magnetic properties, the high Curie temperatures obse
support this assumption. An excellent fit to the conductiv
was obtained for the irradiated sample~a!, in the temperature
rangeT<20 K, which rendered the following values for th
three parameters:s05474.460.4 (V cm)21, m533.0
60.3 (V cm K1/2)21, B52.7660.05 (V cm K)21 ~see Fig.
2!. We want to point out that a similar analysis could
performed also for samples irradiated with lower doses,
for example, sample~b!. However, the relatively lowTc of
these films„;90 K for sample~b!… makes fits to expressio
~1! less reliable due to the limited fitting range and the d
turbing effect of the ferromagnetic transition taking pla
close to the low-temperature upturn in the resistivity. T
results can be displayed in a more illustrative fashion asDs
vs T in a log-log scale~inset of Fig. 2!, whereDs5s2s0 is
the correction to the conductivity coming from interactio
and localization effects. Note how theT1/2 term is clearly
dominant belowT;20 K for the irradiated sample~inset of
Fig. 2!. This behavior is similar to that observed in amo
phous metallic glasses, like Cu50Zr50 and Cu50Ti50.

18,19 For
other systems that display the effects of e2-e2 interaction on
their electrical transport properties, as heavily dop
semiconductors,20 this T1/2 term is usually dominant only
below 1 K. This points to an enhanced e2-e2 interaction in
irradiated SrRuO3. In metallic glasses, for instance, th
maximum value ofDs is about 1% of the residual conduc
tivity s0 , whereas in our irradiated sample it attains valu
even higher than 10%. The results of measurements
formed with applied magnetic fields of 30 and 70 kOe~not
shown! indicate a small~;1%! and negative magnetoresi
tivity. An analogous temperature dependence of the cond
tivity is observed, with fits to expression~1! that render co-
efficient values very similar to those of zero-fie
measurements. The magnitude and the sign of this magn
field effect are reasonable if the correction to the electr
conductivity is dominated by the localization and interacti
contributions.3,12

A similar temperature dependence of the conductivity
observed for the ferromagnetic fresh samples~see Fig. 3!.
These films display much better metallicity than the irra
ated samples, as the lower value of the room-tempera
resistivity and the overall shape of ther(T) curve clearly
indicate. BelowT;20 K the resistivity shows an upturn tha
reflects the effect of weak localization ande2-e2 interac-
tion. These upturns are a ubiquitous low-temperature fea
of SrRuO3 thin films.10 The lower relative value of thes
two contributions to the resistivity, the experiment
uncertainty of the data around the lambda point of4He, and
the restriction imposed by our base temperature limit of
K make a fit to Eq.~1! more difficult than in the other
sample. This can be perceived in the higher relative error
the three parameters of the fit, especially in the weak lo
ization coefficient B: s05254564 (V cm)21, m535.1
63.4 (V cm K1/2)21, B520.760.7 (V cm K)21. In spite
of this, the low-temperature data (T,10 K) also follows
rather well aT1/2 temperature dependence, as it is sho
05240
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when we plot ln(Ds) vs ln(T) ~inset to Fig. 3!. We want to
point out that other virgin samples that display slightly bet
metallic properties show also similar upturns, but at tempe
tures too low for obtaining fits to expression~1! of compa-
rable goodness to those presented above.

As it was pointed out in our previous work,11 ion irradia-
tion has a destructive effect on the ferromagnetic ordering
thin-film samples of SrRuO3. The progressive depression o
Tc with increasing He1 dose correlates with an expansion
the pseudocubic lattice constantc. At the same time, signifi-
cant changes have to occur at the Fermi level due both to~a!
the decreasing overlap of the Ru orbitals and~b! the en-
hanced disorder. Both of them conspire to enhance both
localization term„;1/N(EF)… and the Altshuler-Aronov cor-
rection to the electrical conductivity.3,4,12 Thus, the results
presented in this work can be interpreted in terms of elect
localization plus e2-e2 interactionin both virgin and irradi-
ated films, because we observe quantum corrections to
conductivity for the SrRuO3 films studied. The experimenta
values of the electrical resistivity indicate that the electro
mean-free pathl is clearly approaching the limitl;1/kF .
Using the values of Fermi energyEF (EF53.5 eV) and car-
rier concentration (n5231022/cm3) previously reported for
SrRuO3 ~Refs. 8 and 20–22!, we estimate the room
temperature value ofl to be about 3 A andkFl;2.5 for our
more metallic sample„r(300 K);400mV cm…. As we ex-
pect that ion irradiation must reduce the mean free path,
infer that kFl<O(1) for sample ~a! „r(300 K)
;1000mV cm…. As a matter of fact, irradiation doses i
excess of 1015cm22 correspond to more than one ion impa
per unit cell on the surface. In principle, that would be co
sistent with a density of point defects resulting in mean f
paths smaller than the interatomic distance. Considering
size of the pseudocubic lattice as a typical interatomic d
tancea we have estimated the resistivity corresponding
the Ioffe-Regel limit3 (r IR53\a/e2) for our samples to be
around 500mV cm. Our experimental results indicate th
the change of regime of the high-temperature resistivity
our films from positive to negative values ofdr/dT in the
whole temperature range takes place not far from this li
~around 700mV cm!. This observation is strongly reminis
cent of the ‘‘saturation’’ and breakdown of Matthiessen
rule observed inA15 compounds and other disordered inte
metallic materials, in this case for resistivity values abo
150–200mV cm ~Ref. 4, 23, and 24!. In the case of irradi-
ated and virgin SrRuO3 it is very likely that this ‘‘satura-
tion’’ takes place at higher resistivity values due to the low
carrier density typical of conducting oxides.25 Therefore, in
our samples, the carriers seem to be suffering the effect
localization, although the films are still barely ‘‘metallic.
Our results suggest that ion irradiation produces an enha
ment of disorder, which triggers a metal-insulator transitio
This increasing degree of disorder is reflected in the loc
ization and interaction effects at low temperature reported
this work. The large electron-electron interaction term in t
conductivity, which can be observed even at relatively h
temperature in the irradiated sample, appears as a co
quence of the enhancement ofe2-e2 interaction in poorly
3-3
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BRIEF REPORTS PHYSICAL REVIEW B 63 052403
conducting materials, and is an indication of the relevance
electron correaltions in SrRuO3.

Our results show also that the resistivity minima observ
even in the best conducting samples of SrRuO3 are definitely
correlated with nonmagnetic disorder. As the irradiation do
is increased, those resistivity minima move to higher te
peratures, while magnetic order is dramatically weaken
The fact that we observe similar behavior for both magne
and nonmagnetic samples makes a magnetic origin of
upturn in the electrical resistivity very unlikely. Alternative
descriptions in terms of other mechanism, like the Kon
effect,10 are not justified. Contrary to this, we believe that th
low-temperature rise of the resistivity is a genuine reflecti
of the intrinsic tendency to become localized of the electr
states in SrRuO3. As we have already pointed out, the sce
nario is, to some extent, similar to that of amorphous meta
where localization and interaction effects are known to gi
rise to low-temperature corrections to the electrical condu
tivity and ‘‘saturation’’ effects in the high-temperature elec
trical resistivity.
05240
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CONCLUSIONS

The low-temperature electrical resistivity of irradiated a
virgin thin-film samples of SrRuO3 shows clear evidence o
weak localization and electron interaction effects. Th
makes unlikely a magnetic origin for the low-temperatu
upturn observed in the electrical resistivity of both sampl
The magnitude of the interaction term is evidence of
importance of electron correlations in this system. From
experimental results, we conclude that the crossover fr
metallic to an incipientnonmetallicbehavior takes place fo
resistivity values close to the Ioffe-Regel limit, in agreeme
with an interpretation in terms of quantum interference
fects.
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