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Effect of disorder on the temperature dependence of the resistivity of SrRuO;
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We have investigated the effect of structural disorder on the temperature dependence of the resistivity p(7)
of epitaxial STRuO; films. Distinctive effects of disorder are seen at low and high temperatures. For tempera-
tures well below the ferromagnetic transition and above the region where quantum effects set in, the observed
nonlinear p(7) can be interpreted within a two-fluid electronic model in which a fraction of electronic states are
delocalized and the remaining fraction correspond to carriers trapped in localized states induced by disorder.
On the other hand, at temperatures above the ferromagnetic transition, the temperature dependence is linear,
but remarkably it is found that the slope of p(T) increases as disorder increases. This latter result is radically
dissimilar to what is observed in other complex electronic systems, where disorder commonly induces a

reduction of the slope.
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SrRuO; is a ferromagnetic oxide (7=~ 150 K) with me-
tallic behavior. Due to their good conductivity, StfRuOj5 thin
films are used as electrodes in oxide heterostructures.' For
that reason, several studies have focused on the temperature
dependence of the electrical resistivity p(T) of SrRuOj; thin
films. In this regard, both low-temperature (well below T)
and high-temperature (above T) p(T) curves have been ana-
lyzed. Considering the low-T regime, it has been found that
SrRuO; films with low residual resistivity (p<8 u{)cm)
show a T? dependence at T<10 K, but at 10 K<T<T, a
puzzling sample-dependent temperature power law given by
p(T)=py+AT", with n varying between 1 and 2, has been
reported.’ Concerning the high-T regime, a nearly linear tem-
perature dependence of the resistivity is observed up to tem-
peratures as high as 1000 K.? This is in clear contrast with
other strongly correlated systems, such as the Al5 com-
pounds, where a “resistivity saturation” effect is observed at
high temperature.*> It has been proposed that this phenom-
enon is intimately related to disorder.>® However, quite re-
markably, there has not been any systematic study of the
effect of disorder on the linear 7' dependence of the resistiv-
ity of SrRuOj; films, where the resistivity saturation effect is
not observed.®> We should also emphasize that SrRuOj; stands
for a good model for the analysis of the effects of disorder in
the electronic transport of strongly correlated systems, con-
trary to other complex systems such as manganites, where
electronic phase segregation’ eventually driven by disorder’
may mask the intrinsic effects.

In this paper, we take advantage of our ability to control
the specific degree of structural disorder in SrRuO; films via
growth mechanisms or ion irradiation to analyze the sensi-
tivity of the resistivity to disorder both at the low- and the
high-temperature regimes. We show that the low-7 depen-
dence of resistivity follows a power law with exponent n,
which varies in a systematic way with disorder. To explain
this correlation, we propose a two-fluid electronic model
with a disorder-dependent ratio of localized and/or delocal-
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ized electronic states, with temperature-dependent relative
occupation numbers. On the other hand, we show that for
moderate amount of disorder, the slope of the linear p(7)
dependence of the high-T regime increases with disorder.
Although a similar phenomenon has been observed, e.g., for
the Ce;_, S, series (see Fig. 1 in Ref. 10), this observation is
in contrast to what is observed in A15 compounds, where
disorder induces a reduction of the slope.*!!

SrRuOs films have been grown by pulsed laser deposition
on SrTiO; (001) substrates with a KrF (A=248 nm) excimer
laser. The films are fully epitaxial. We have performed ex-
tensive structural and morphological characterization of our
samples, including high resolution x-ray diffraction,'?
u-Raman spectroscopy,'? and extensive atomic force micros-
copy analysis.!>!* We have used two different protocols to
modulate accurately the amount of structural disorder in the
films. In previous reports, we have demonstrated that
the structural disorder depends on the details of the
early stage of film growth, which, in turn, depend on the
substrate vicinality.'? Bearing this in mind, films of series Ai
(i=1-4) with nanometric thickness (3.5 and 7 nm) were
grown on SrTiO; substrates with different miscut angles
(0°=<6=<2°). As an additional way to modulate the struc-
tural disorder, in series Bi (i=1-3), films with thickness
t=20 nm have been irradiated with different doses of accel-
erated Ar* ions with the same kinetic energy (100 keV). A
list of all the samples analyzed here is displayed in Table 1.
The electrical resistivity of the samples has been measured
by using the conventional four-probe method.

In Fig. 1, we show the p(T) curves measured for all films.
We focus first on the low-temperature region below the Curie
temperature. At the lowest temperatures, resistivity upturns
at temperatures 2 K=<T7,,;,=30 K are observed. A source for
these upturns might be a Kondo resonance originated by the
exchange interaction between magnetic impurities and delo-
calized carriers, as occurs in diluted magnetic metallic
alloys.! This is not, however, the case in our SrRuOj thin

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.77.165114

HERRANZ et al.

TABLE 1. List of samples analyzed in this paper.
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Tnin Y Aph E,
Samples (K) (uQemKhH »n (uQemK) (K)
Al (7 nm, 2°) 6.3 0.58 1.3 1.29 25.4
A2 (3.5nm,2°)  10.1 0.74 1.4 1.9 28.6
A3 (3.5nm, 0°)  19.7 1.11 1.9 3.69 31.6
A4 (3.5nm, 1.5°) 314 1.36 2.4 5.52 37.7
B1 (102 cm™?) 2.0 0.78 1.15 1.98 21.2
B2 (5X102cm™?) 4.0 0.83 1.4 2.06 25.9
B3 (10" cm™2) 9.0 1.09 1.7 231 30.9

films. Indeed, we have previously shown that these resistiv-
ity upturns are originated by disorder-enhanced quantum in-
terference of carrier wave functions.'®!” Confirming our pre-
vious results,!® we have verified that there is a direct
correlation between T,,;, and the residual resistivity for the
samples analyzed here, indicating that T,,;, is a precise pa-
rameter to quantify the effects of the structural disorder. To
avoid any influence from the quantum effects, we have re-
stricted the analysis of p(T) to temperatures well above Ty,
We present here the results from the analysis at a temperature
range of 40 K=7=280 K. We should stress, however, that
we have checked that extending the analysis to other inter-
vals in the 30—100 K temperature range does not modify the
conclusions shown below. We present also the results of the
analysis in the temperature range of 170 K<=7=300 K.
Note that the analyzed ranges are not close to the Curie tem-
perature (T-= 150 K) and, thus, the effect of spin-spin fluc-
tuations in the transport is minimized.

Low-temperature region (T<T). Following the common
wisdom,? we have initially assumed that the resistivity can
be described by a power law,

p(T) = py +AT". (1)

In order to find out the correct exponent n, we have pro-
ceeded to a least-squares minimization of fittings of the ex-

FIG. 1. (Color online) (a) Temperature dependence of the resis-
tivity of SrRuOj; films. The samples are labeled according to Table
I. The dotted lines are the fittings to the high-T linear regime.
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FIG. 2. (Color online) In panels (a) and (c), the open symbols
correspond to the temperature dependence of the resistivity p(7) of
samples A4 and B2, respectively (see Table I). The solid lines are
the fittings of p(7) to Eq. (1). Insets: the deviation plots, defined as
Ap,=Lpfining(T) = p(T)]/ p(T), are plotted for the fittings to Egs. (1)
and (3) of data for samples (a) A4 and (c) B2. In panels (b) and (d),
Ap, is shown for different values of the power-law index n for p(7)
data of samples (b) A4 and (d) B2 fitted to Eq. (1).

perimental resistivity data to Eq. (1) by varying n. The same
fittings yielded also the corresponding factor A. Solid lines
through the experimental data in Figs. 2(a) and 2(c) show
representative fittings of p(7) to Eq. (1) corresponding to
samples A4 and B2, respectively. As a means to evaluate the
quality of these fittings, we have calculated the deviation
plots, defined as Ap,=[pining(T)—p(T)]/p(T), as a function
of the temperature for fittings made varying the exponent n.
In Figs. 2(b) and 2(d), we show the deviation plots obtained
for different n values for samples A4 and B2. We clearly see
that Ap, is minimized for optimized values of n. Thus, de-
viation plots allow accurate determination of n and A for
each sample.

In Fig. 3, we plot the values of T,;, vs the corresponding
n extracted from fittings to Eq. (1) for all films of series A
and series B vs the corresponding 7,;,. Data in this figure
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FIG. 3. (Color online) Correlation between the resistivity upturn
temperature Ty, and the fractional power-law index n [Eq. (1)] for
SrRuOj; films of series A (open squares) and series B (closed tri-
angles). The dashed line is a guide for the eyes.
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unequivocally show that n increases with disorder, ranging
from n=1.1 for weak disorder to n=2.4 for stronger disor-
der. From this analysis, we conclude that temperature depen-
dence of the resistivity is progressively more nonlinear as
disorder increases. Reversely, we also find that n— 1 as dis-
order is reduced, suggesting that linear temperature depen-
dence in the interval 40 K=<T7=<80 K is approached in the
weakest disorder limit. We investigated a possible magnetic
contribution to the observed power law by fitting to Eq. (1)
the p(T) data measured in a strong field H=48 T (see Ref.
17). We have verified that the power-law exponent n is not
affected by such strong fields and, thus, we can exclude any
relevant magnetic contribution to the observed low-T resis-
tivity dependence. In the following, we discuss a possible
physical mechanism to explain the correlation between n and
the disorder.

Recently, Kumar and Majumdar'® have suggested a mi-
croscopic model to explain the strong evolution of the low-
temperature transport properties of A15 compounds with dis-
order, which show some parallelisms with the properties
observed in our SrRuOj films.!” In that case, A15 com-
pounds showed a suppression of the temperature dependence
of the resistivity for increasing disorder. The model proposed
in Ref. 18 describes the effects of disorder on strongly
coupled electron-phonon systems. It can be interpreted
within a “two fluid” framework, where there is a strong lo-
calization (Anderson localization) of a fraction f of charge
carriers, whereas there is still a remaining distribution
(1-f) of delocalized states near the Fermi energy. The frac-
tion f increases with increasing disorder and residual resis-
tivity. The conductance values of these parallel conduction
channels have a relative weight that changes with tempera-
ture. The fraction f decreases with increasing temperature
due to the thermal induced detrapping or delocalization of
localized states thus increasing conductivity. On the other
hand, delocalized electrons are scattered by thermal lattice
fluctuations contributing to the phonon-limited p(7). The two
competing tendencies lead, in agreement with experimental
data, to a modulation of the low-7 dependence of the resis-
tivity on disorder.

Therefore, it is worthwhile to analyze our data within the
framework of a two-fluid model. We assume that at 7=0 K,
there is a density nj, of localized electronic states, whereas
n; is the density of delocalized states. At 7>0 K, due to
thermal excitations, the effective density of carriers in
trapped states is reduced to n/(T)=n,[1-exp(-E,/kzT)],
whereas the density of them in delocalized states increases
by

n(T) = njg + ny exp(= E, /kpT), (2)

where E, is a disorder-dependent energy gap and kg is the
Boltzmann constant. Its microscopic meaning will be dis-
cussed below. We further assume that the conductivity
o, of carriers trapped in localized states is far smaller than
the conductivity o; of the itinerant carriers, so that the
conductivity of samples is o= o;. In that case, the resistivity
will be modulated by the contribution of itinerant
carriers excited thermally across the gap so that

pi=1/0;=my/ [n(T)e*n(T)], where m,; is the effective
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FIG. 4. (Color online) (a) Dependence on disorder (Ty,;,) of the
gap E, extracted from fittings of the low-T p(7) of samples Al1-A4
and B1-B3 to Eq. (3). (b) Evolution with Ty, of coefficients A,
[Eq. (3), open squares] and vy [Eq. (4), closed squares]. Dashed lines
are guides for the eyes.

mass and 7(7) is the scattering time. Taking into account Eq.
(2), we find that the low-T resistivity is described by

Po +AphT

piT) = (3)

1+ nlo/nio eXp(— Eg/kBT) ’
where it is assumed a linear in 7 contribution with a linear
coefficient A,, coming from the electron-phonon coupling.
We have proceeded to fit p(7) data for samples from both A
and B series in the range of 40 K=<7<280 K by using Eq.
(3). We stress that the scenario represented by Eq. (3) only
applies at temperatures above the onset of quantum correc-
tions to transport, and thus it is restricted to 7> T, It
turned out that the fitted p(7) data using Eq. (3) are virtually
indiscernible from results obtained using Eq. (1). Indeed,
from the comparison of the deviation plots Ap, calculated as
described above, it turns out that the quality of fits of resis-
tivity data to Eq. (3) is similar to those fitted to Eq. (1) [see
the insets of Figs. 2(a) and 2(c)]. The gap values E, extracted
from fittings to Eq. (3) are plotted in Fig. 4(a) as a function
of T, In principle, with a higher degree of disorder, one
might expect to have an increased number of trapping cen-
ters, all having the same energy gap. However, as shown in
Fig. 4(a), the value of E, is not constant, but increases sys-
tematically with disorder, i.e., E, increases as Ty, increases.
This observation is consistent with the picture of a growing
fraction of localized carriers as disorder increases. Therefore,
we conclude that the two-fluid model allows obtaining a
simple and consistent picture of the temperature dependence
of resistivity of SrRuOj; and its dependence on disorder.
The two-fluid model has been proposed for metallic sys-
tems with strong electron-phonon coupling.'® Within this
picture, E, can be formally assimilated to the energy required
for polaron formation and/or motion of dressed carriers. To
what extent which SrRuOj; belongs to a class of metals with
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strong electron-phonon coupling is not definitely settled. Al-
though through Raman scattering experiments it has been
claimed that electron-phonon coupling is strong in StrRuO-,%
this remains an open issue, as the ferromagnetic transition is
not affected by changing the oxygen isotope mass and the
Jahn-Teller effect is negligible in SrRuOj;, indicating that
electron-phonon coupling is weak.?! It should be noted that
the model of Eq. (3) is also formally compatible with a pic-
ture in which carriers under the mobility edge undergo the
Anderson localization. As the degree of disorder in the
samples is varied, the mobility edge is shifted within the
conduction band giving rise to a modulation of the number
of localized electronic states. Thus, two different micro-
scopic mechanisms might be formally represented by Eq.
3).

We note that in Eq. (3), we have assumed that the coeffi-
cient A, is related to electron-phonon scattering. Quite re-
markably, we observe that the value of A, [extracted from
fitting the experimental data to Eq. (3)] increases with disor-
der, as emphasized in Fig. 4(b) (open symbols), indicating
that electron-phonon scattering is enhanced with disorder. If
this conclusion is true, we should observe the same trend
with disorder in the high-temperature region of p(T), where
the linear 7' dependence is related to the electron-phonon
scattering. As discussed in the next section, we have ob-
served indeed that the slope of p(T) at temperatures above T
is enhanced with disorder.

High-temperature region (T>T.). We have observed that
room temperature resistivity increases with disorder propor-
tionally to the power-law index n extracted from fittings of
low-T p(T) to Eq. (1), and consequently, it increases propor-
tionally also to T,;,. This is unambiguous evidence that ef-
fects of disorder on the high-T transport properties are cor-
related to those found at low temperature. A closer inspection
of the data in the temperature range of 170 K=7<300 K
shows that the slope of p(T) increases with disorder. The
analysis of this linear high-7" dependence has been performed
within the usual electronic transport theory based on the
electron-phonon coupling (Bloch-Griineisen law), given by
the expression®?

27k
pP=po+pPmt ;T—BG(G)D/T))\,T= po+ pm+ UDT,
fhe“(n/m,z)
4)
where we have defined UT)=[2wkgl/[he*(n/m,z)]

G(®p/T)N'. In Eq. (4), p,, is the magnetic resistivity due to
spin scattering of electrons, which assumed to be constant
above the ferromagnetic transition, n is the carrier density,
Mesr the band effective mass, # the Planck constant, e the
electron charge, and G(®,/T) is the Griineisen function. As
the dependence is clearly linear in the considered tempera-
ture interval, we can take G(®,/T)\'=\=constant and,
thus, vy is also constant, where A is the effective electron-
phonon coupling constant, which is of the order of unity.
Since the Debye temperature of SrRuO; has been estimated
to be @,~368 K,? the observed linear dependence appears
at temperatures 7> 1/2@p. The value of v has been evalu-
ated from the slope of the p(T) curves in the temperature
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range of 170 K=7=300K, obtaining values of
06 uQecmK'sy<13 uQcmK™' for different films.
These values agree in order of magnitude with the value 7y
~0.5 uQ cm K™! calculated from Eq. (4) taking the experi-
mentally determined values n=~2X10*2 cm™ (Ref. 23),
meffz3.7me,3 and assuming that N\ is of the order of the
unity. Thus, the assumption of the validity of Eq. (4) appears
to be reasonable, in spite of the reservations regarding the
phononic origin of the high-temperature resistivity.>* We ob-
serve that vy increases with T, [closed symbols in Fig.
4(b)], unequivocally indicating that the slope vy is enhanced
as disorder increases.

Factors other than disorder, such as unintentional varia-
tion of film thickness, might, in principle, contribute to ex-
plain the systematic increase of residual resistivity and 7T,
shown in Fig. 1 and, in turn, the tendencies displayed in Figs.
3 and 4. We argue, however, that disorder is the most essen-
tial factor. This observation is strongly supported by the ef-
fect of irradiation dose on the transport properties of the
samples B1-B3. These specimens were prepared by cutting
an original sample into three pieces (and, thus, BI-B3 have
all the same thickness) and were subsequently irradiated with
Ar* ions accelerated at 100 keV at different doses up to
10'3 ions/cm?. At these ion energies and irradiation doses,
the variation of thickness is entirely negligible.>> Therefore,
the increase of the slope of p(7) in the high-temperature
linear region with the irradiation dose displayed in Fig. 4(b)
must necessarily be correlated to an increased disorder. This
demonstrates that the observed behavior is neither due to any
size effect nor to surface scattering contributions (Ref. 26)
but driven by disorder.

This result is in manifest contradiction with reported the-
oretical calculations, which predict a systematic decrease of
the slope as disorder increases,'®?’ and is in contrast to the
evolution with disorder of p(T) observed in other complex
electronic systems. An enhancement with disorder of the
slope of the linear high-temperature dependence of p(T) has
also been observed in the Ce;_, S, series (see Fig. 1 in Ref.
10). In that case, this phenomenon was attributed to the
modulation of the number of itinerant carriers due to the
depopulation of Ce 5d orbitals as the concentration of S
increases.!® We believe that this is not our case, as the local-
ization gaps range in the interval of 21 K<E,<38 K and,
therefore, at room temperature, virtually all the electronic
states should be delocalized, so that a depletion of free car-
riers is not probably the explanation of the increase of the
electron-phonon scattering with disorder. Looking at Eq. (4),
one might speculate about the increase of the electron-
phonon coupling with disorder or about a systematic increase
of the effective mass m, as disorder increases. Further work
is needed to understand these effects.

In summary, we have made an extensive investigation of
the temperature dependence of the resistivity p(7) of STRuO;
thin films both at low and high temperatures. We have ob-
served that the structural disorder modulates p(T) in a sys-
tematic way. In the limit of low temperatures, we suggest
that this modulation can be explained by assuming the pres-
ence of delocalized and/or localized electronic states, whose
ratio is determined by the specific degree of disorder. In the
high-temperature regime, the slope of the linear p(T) in-
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creases when disorder increases, in contrast to the reduction
of slope with disorder observed in other strongly correlated
electronic systems such as the A15 compounds. In the latter,
the resistivity at high temperature rises more slowly than the
linear dependence predicted by simple electron-phonon scat-
tering theory, and indeed the resistivity tends to saturate as
temperature increases. This resistivity saturation effect is
more pronounced as disorder increases. However, these high-
temperature anomalies are not observed in the p(7) of
SrRuOj; for which p(7) is linear, indicating a fundamental
discrepancy with respect to other electronic complex materi-
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als. Our observation reported here about the increase with
disorder of the electron-phonon scattering contribution to the
resistivity in StRuQOj; films is an intriguing effect that should
stimulate further theoretical and experimental works.
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