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Unconventional transport properties of the itinerant ferromagnet EuTi;_,Nb,O; (x = 0.10-0.20)
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The detailed analysis of resistivity (p) for single-crystalline EuTi;_,Nb,O3 (x = 0.10-0.20), an itinerant
ferromagnet with very low Curie temperature (7¢), reveals that the charge conduction in this system is
extremely sensitive to Nb concentration and dominated by several scattering mechanisms. Well below T, where

the spontaneous magnetization follows Bloch’s 73?2 law, p exhibits 72 dependence with a large coefficient
(~ 107" u cm K=2) due to the electron-magnon scattering. Remarkably, all the studied samples exhibit
a unique resistivity minimum at 7 = Tp,, below which p shows a logarithmic increment with 7 (for
Tc < T < Tp) due to the Kondo scattering of 4d! itinerant electrons of Nb by the localized 4 f moments of
Eu?* which suppresses strongly with applied magnetic field. In the paramagnetic state, 72 and T*/?> dependence
of the resistivity have been observed, suggesting an unusual crossover from a Fermi-liquid to a non-Fermi-liquid

behavior with increasing 7'.
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I. INTRODUCTION

The interplay between magnetism and charge conduction
in strongly correlated systems leads to several fascinating
physical phenomena such as non-Fermi-liquid behavior, the
Kondo effect, quantum phase transitions, the anomalous Hall
effect, and large negative magnetoresistance (MR) [1-6].
Hence, any report of a new correlated itinerant ferromagnet
immediately calls for exploring its magnetic and transport
properties. Based on transport properties, metallic ferromag-
nets can be divided into two broad categories: (i) good
metallic ferromagnets such as iron, nickel, and cobalt, which
can be described by the Landau Fermi-liquid theory [7],
and (ii) “bad metallic” ferromagnets such as heavy-fermion
compounds and rare-earth transition-metal oxides [1,8—15].
For these so-called bad metals often the Fermi-liquid descrip-
tion breaks down due to strong electronic correlation. The
celebrated itinerant-electron ferromagnets SrRuO;3 and ZrZn,
can neither be classified as good metallic ferromagnets nor
can they be compared with 3d transition-metal oxides like
manganites [1,16,17].

There are a considerable number of theoretical and ex-
perimental works for understanding the nature of the or-
bital ground state in the perovskite titanate family RTiO3
(where R = rare-earth ion) with a 3d" electron configuration
[18-21]. Among these titanates, EuTiO3 is unique because,
unlike other R ions, Eu is divalent (4 f7) and hence Ti
is tetravalent (3d°) [22-27]. Also, EuTiOs is an antiferro-
magnetic (AFM) (Ty = 5.5 K) [22-24] band insulator and
quantum paraelectric with simple cubic structure while other
titanates are Mott insulators [18—-21]. The introduction of an
electron into the Ti 3d orbital via the substitution of an R3*
ion at the Eu®" site transforms EuTiOj3 into a ferromagnetic
(FM) metal [22,24]. Except at low temperature, the 7' depen-
dence of resistivity (p) for Eu;_,La,TiO3 (ELTO) with x =
0.10 appears to be similar to 10% La-doped StTiO; [22,24].
For SrgoLag;TiO; (SLTO), p decreases smoothly down to
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very low temperature without showing any anomaly while a
sharp drop in p is observed just below the FM transition (7¢)
in ELTO. Most importantly, ELTO exhibits a weak upturn in
p below ~30 K [22,24]. Another very promising candidate
is obtained by substituting a Nb** (4d') ion at the Ti*"
(3d°) site in EuTiOs3 without breaking the magnetic chains of
Eu?* moments. A notable increase in electrical conductivity
is observed in EuTi; _,Nb, O3 (ETNO) with the increase in Nb
concentration (x) [25-28]. In contrast to ELTO, the substitu-
tion is done at the B site for ETNO and it shows metallic and
FM behavior over a much wider range of Nb doping (0.05 <
x < 1) [27,28]. Insulator-to-metal transition in A BOs3-type
perovskite materials through B-site substitution is rare. Nor-
mally, B-site substitution creates disordering, which enhances
carrier localization. In spite of some minor differences, the
nature of the magnetism and transport properties in ELTO and
ETNO are similar. Remarkably, ETNO also exhibits an upturn
in p below 30 K [27]. Though p decreases with decrease in
T for both ELTO and ETNO, it is quite unexpected that the
mechanism of charge conduction in these two systems will be
the same as that in SLTO. Due to the presence of large lo-
calized moments, there may be strong interaction between the
4" itinerant charge carrier and the spin (S = 7/2) of Eu**.
In order to shed some light on the charge conduction
mechanism in EuTi;_,Nb,O3, we report a comprehensive
study of transport properties on high-quality single-crystalline
samples with x = 0.10, 0.15, and 0.20. To the best of our
knowledge, the detailed analysis of temperature and mag-
netic field dependence of resistivity for EuTi;_,Nb,Os or
Eu,_,La, TiO3 has not been done so far. The observed results
are compared and contrasted with the different classes of
FM metals mentioned above. Indeed, our detailed analysis of
resistivity unveils the presence of several unusual scattering
mechanisms. With increasing T, the charge scattering mech-
anism crosses over from electron-magnon to spin-disordering
to Kondo to electron-electron scattering to an unusual 73/
dependence of resistivity due to non-Fermi-liquid behavior.

©2018 American Physical Society
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FIG. 1. X-ray powder diffraction patterns for EuTi;_,Nb,O;

(x = 0.10-0.20) at room temperature. The solid red lines indicate
the Rietveld refinements of the diffraction patterns.

II. SAMPLE PREPARATION AND EXPERIMENTAL
DETAILS

Polycrystalline EuTi;—,Nb,O3 (x = 0.10-0.20) powder
samples were prepared by the standard solid-state reac-
tion method. Stoichiometric mixtures of Eu,O3 (preheated),
Nb,Os, and TiO, were heated at 1000-1100 °C for a few days
in a reduced atmosphere containing 5% H, and 95% argon
followed by intermediate grindings. The obtained powder was
pressed into two cylindrical rods which were then sintered
at 1100 °C in the same environment. The single crystals of
EuTi;_Nb,O3 (x = 0.10, 0.15, and 0.20) were grown via
the floating-zone technique in reduced atmosphere (5% H;
and 95%) using a four-mirror optical floating zone furnace
(Crystal Systems Co.). The phase purity of EuTi;_,Nb,O3
(x =0.10-0.20) was checked by powder x-ray diffraction
(XRD) method using a high-resolution Rigaku TTRAX III
diffractometer. The absence of any impurity peak in the
XRD patterns of the powdered crystals, which are shown in
Fig. 1, confirms the single-phase nature of the compounds.
The structural analysis was done by the Rietveld refinement
method using FULLPROF. The reflections in XRD patterns
were indexed using the cubic Pm3m space group and the
estimated lattice parameters are found to be comparable with
that reported earlier [27]. Measurements of the temperature
and field dependence of the dc magnetization were carried
out in a superconducting quantum interference magnetometer
(Quantum Design MPMS 3). The specific heat measurement
was performed by the conventional relaxation technique in
a physical property measurement system (Quantum Design).
Resistivity was measured by a standard four-probe technique
where the electrical contacts were made using highly conduct-
ing silver paint.

III. RESULTS AND DISCUSSIONS

Nb doping destabilizes the AFM ground state in EuTiO3
and the system becomes FM above the doping level
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FIG. 2. (a) Thermal variation of zero-field-cooled susceptibility
measured at 50 Oe and (b) heat capacity at low temperatures for
EuTi;_Nb,O; (x = 0.10-0.20) single crystals. Inset: Dependence
of Ty and T¢ on Nb doping concentration x in EuTi;_,Nb, O;.

x ~ 0.05. Theoretical studies also reveal an intricate balance
between nearest-neighbor AFM and next-nearest-neighbor
FM interactions in EuTiO; [23]. The temperature dependence
of dc magnetic susceptibility (x = M/H) and the specific
heat for the studied ETNO (x = 0.10-0.20) single crystals are
shown in Figs. 2(a) and 2(b), respectively. The 7" dependence
of the zero-field-cooled magnetization and the A-like heat
capacity anomalies show that these samples undergo a contin-
uous paramagnetic-to-ferromagnetic phase transition at Curie
temperatures 7c = 8, 9.5, and 6 K for x = 0.10, 0.15, and
0.20, respectively. We have not observed any anomaly other
than that at T¢ either in magnetization or in heat capacity.
This suggests that, unlike polycrystalline samples [27], the
studied crystals are chemically homogeneous and AFM and
FM phases do not coexist in the studied composition range.
T¢ increases sharply with x, becomes a maximum around
0.15, and then decreases with further increase of x as shown in
the inset of Fig. 2(b). This doping dependence of T¢ is qual-
itatively similar to ELTO, though the maximum 7¢ is 1.5 K
higher in ETNO [24]. The value of saturation magnetization at
2 K and 7 T is very close to the expected moment 7 115 /Eu. In
the paramagnetic (PM) state, susceptibility obeys the Curie-
Weiss (CW) law with effective moment, Py = 7.9 up/Eu,
and the CW temperature, Ocw = 8 K (for x = 0.15) [25]. To
understand the correlation between transport and magnetism,
the magnetic excitation spectrum has been investigated by
estimating the spontaneous magnetization (Ms) using Arrott
plots with field up to 7 T. Figure 3 shows the T dependence of
Mg for the x = 0.15 sample as a representative. Well below
the transition temperature, where the critical fluctuation is
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FIG. 3. T3/ dependence of AMs for x = 0.15 crystal below T¢.
Solid line is the fit to Bloch’s law. Inset: Temperature dependence of
M normalized at 7 = 0 K.

absent, the temperature variation of Mg can be explained by
Bloch’s 73/2 1aw [29],

[Ms(0) — Ms(T)1/Ms(0) = AMs/Ms(0) = DT*?, (1)

where D is the spin-wave parameter. For a simple cubic
lattice, the coefficient D can be determined from the rela-
tion D = (0.0587/S)(kg/2JS)', where J is the exchange
coupling between two neighboring Eu>* moments. Figure 3
shows that at low temperature (T < 4 K), Ms(T) obeys
Bloch’s 73?2 law. From the slope of the linear fit to the
data, we obtain D =5 x 107> K=3/2 and the strength of
the exchange interaction is estimated to be 0.3kg K. This
value of J is comparable to that predicted by molecular field
theory [29], J = 3kpTc/2ZS(S + 1) = 0.15kg K, where Z
is the number of nearest-neighbor spins. For a simple cubic
perovskite structure, Z = 6. Figure 4(a) depicts p(T') curves
for EuTi;_,Nb, O; single crystals. Over the entire temperature
range, p exhibits metallic behavior (dp/dT > 0), except in a
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FIG. 4. (a) Temperature dependence of resistivity for all the three
ETNO crystals. For x = 0.15 crystal, (b) T2 dependence of p in the
PM region, (c) T3/? variation of p in the PM region, and (d) T? fitting
to p in the FM region.

narrow region just above T¢, where a weak increase in p has
been observed with decreasing 7 for all the three samples.
p drops sharply just below T¢ due to the suppression of
spin-disorder scattering. In the FM state, p decreases at a
much faster rate with decreasing T as compared to that in the
PM state. Though the qualitative nature of the p(7") curve is
similar to that in an earlier report on polycrystalline samples,
for a given Nb content, the absolute value of p is smaller
and the residual resistivity ratio p(300K)/p(2 K) is much
larger in single crystals. For example, the values of p(2 K) and
p(300K)/p(2 K) are 150 2 cm and 1.5, respectively, for the
polycrystalline sample [27] while the corresponding values
are 1242 cm and 8 for the single crystal, with x = 0.20.
At low temperature, the large value of p in polycrystalline
samples is due to the strong grain boundary scattering.

It is clear that the metallic behavior of p(T) in the PM state
cannot be fitted with a single power-law expression over the
entire temperature range, because before p starts to increase
a strong upward curvature develops at low temperature. To
explain the intricate nature of the p(7T) curve, the role of
different scattering mechanisms in charge conduction has
been analyzed in detail. In the PM state, p exhibits a quadratic
T dependence, p = pao + aT?, in a narrow range above the
minimum followed by a crossover to p = ppg 4+ bT>? de-
pendence over a wider range and up to temperatures as high
as 280 K. The observed behavior of p is demonstrated in
Figs. 4(b) and 4(c) for x = 0.15 as a representative. We have
also analyzed the temperature dependence of p for x = 0.10
and 0.20 samples as shown in Figs. 8 and 9, respectively,
in the Appendix. The deduced values of a and b in two
different temperature ranges in the PM state are presented
in Table I for all the three samples. The 7> behavior of
p is an indication of electronic correlation, consistent with
the formation of a Fermi-liquid state. The coefficient a is
a measure of the quasiparticle-quasiparticle scattering rate.
As expected, a decreases rapidly with the increase in carrier
doping. Often, metallic oxides are termed “bad metals” due to
their strong electron-electron interaction. The deduced value
of a for x = 0.20 is about an order of magnitude smaller
than that for the well-known itinerant ferromagnet SrRuQO3
but two orders of magnitude larger than that for the elemental
ferromagnets such as Fe, Co, and Ni [15].

p in several FM perovskites shows T2 dependence. It is
noteworthy that the 72 dependence in these systems has been
observed well below the T¢. p also exhibits 72 dependence
well below T¢ for ETNO, as shown in Fig. 4(d) for x =
0.15. Contrary to the observed T2 behavior of p in the PM
state, 7?2 behavior in the FM state results in unusually large
value of the coefficient a, estimated to be more than one
order of magnitude larger than that in the PM state. Such
a huge difference in the values of a in PM and FM states
indicates that the T2 dependence of p in the FM state is due to
the dominant magnetic scattering over the electron-electron
scattering. In ferromagnets, p shows T2 dependence due to
the electron-magnon scattering. As both electron-electron and
electron-magnon scattering occur at low temperature, it is
very difficult to separate their relative contributions in resis-
tivity for the FM materials with high Curie temperature. Even
in elemental ferromagnets, where the electronic correlation
is believed to be very weak, the origin of T2 behavior of p
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TABLE 1. Estimated values of the resistivity coefficient a in units of £ cm/K? in the FM (T < T¢) and PM (T > T¢) states and the
resistivity coefficient b in units of €2 cm/K>/? in the PM state (T > T¢) for EuTi;_,Nb,Oj single crystals with x = 0.10, 0.15, and 0.20. For
x = 0.20, the accurate determination of the parameter a below T¢ is not possible due to its low transition temperature.

X a (T < T¢) Range of T (K) a (T > T¢) Range of T (K) b (T > Tc) Range of T (K)
0.10 26.9 x1072 T<29 6.0 x1073 73 <T <120 8.4 x1072 175 < T < 260
0.15 5.5 x1072 T <4 1.4 x1073 80 < T < 135 2.0 x1072 161 < T <280
0.20 1.1 x1073 85 < T < 130 1.7 x1072 150 < T <233

at low temperature is not yet settled [30]. Due to the much
lower T¢ of the studied system, we have been able to detect
both scatterings, in two different temperature regions. Nor-
mally, in conventional metals, p shows linear 7' dependence
at high temperatures due to the electron-phonon scattering.
The observed crossover of the temperature dependence of
the resistivity from 7% to 7% at high temperatures is quite
unusual. To confirm that this 73/ dependence of p does
not result due to a very sluggish crossover from 72 to T
dependence, a theoretical fit to the observed p(7') can be done
using the full Bloch-Griineisen expression, which contains
the electron-phonon resistivity contribution, p..,;(7T'), and the
residual resistivity, pg, terms as follows:

(T) +'T5fg# e
Pe-ph = Po Y QD 0 (ex—l)z X,

where @) is the Debye temperature and o' is the coefficient
for the T dependence of resistivity. We have tried to fit the
resistivity above the minima and observed that neither the full
Bloch-Griineisen expression nor the addition of an extra term
aT" to Eq. (2) reproduces the experimental data. However,
the p(T') curve fits well at high temperatures for n = 3/2 as
shown in Fig. 5 for x = 0.20. Figure 5 also shows that the
contribution of T3/? is significantly larger than the Bloch-
Griineisen expression for electron-phonon scattering, which
implies that 732 dependence dominates the charge conduc-
tion mechanism in the present system. This is also clear
from Figs. 8(c) and 9(c) in the Appendix. p shows a weak
upward deviation from 7%/ dependence at high temperatures.
Generally, the deviation from 7 dependence of the resistivity
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FIG. 5. For an x = 0.20 crystal, a theoretical fit to the observed
o(T) using the full Bloch-Griineisen expression [Eq. (2)] with bT3/2
in the PM region (red line).

at low temperature is one of the hallmarks of non-Fermi-liquid
(NFL) behavior in itinerant systems as ample experimental
evidences have been presented in heavy-fermion systems.
An obvious origin of this is the vicinity of the quantum
critical point where the quantum critical dynamics results in
an unusual temperature dependence of the resistivity, heat
capacity, magnetic susceptibility, etc. [31]. However, generic
NFL behavior of the resistivity has been found in some
itinerant magnets with ferromagnetic, helical, or skyrmionic
order both near and away from the magnetic transition and
very recently its origin has been investigated theoretically,
which rules out the possible influence of quantum critical
behavior [32]. Therefore, unlike the heavy-fermion systems,
in many oxides [15,33,34] like SrRuO; and the present
system, no such hallmarks of the NFL behavior have been
observed in the specific heat and magnetic susceptibility. This
generic NFL behavior is still far from understood and very
challenging to explain. In this context, below we compare
and contrast our results with the 7%/ or T%/3 dependence of
the resistivity, observed away from the magnetic transitions,
reported in some oxide and intermetallic itinerant systems.

p for a weakly and nearly FM metal has been predicted
to show 72 dependence at T < Tc and 7°/3 dependence in
the vicinity of T¢ [35,36]. This behavior has been observed in
weak itinerant ferromagnets NiysiAlyst, [37]. For a three-
dimensional AFM system, 7°/> dependence of p is expected
to occur in the vicinity of the AFM transition due to the
spin fluctuations. In systems like Pd-based dilute alloys such
as PdFe and PdMn (with a few percent of Fe or Mn), the
observed 732 dependence of p well below the transition
temperature is attributed to the incoherent part of the electron-
magnon scattering [38]. Thus, 73/ behavior of p well above
the FM transition for the present ETNO system cannot be
interpreted in terms of incoherent electron-magnon scattering.

The transport properties of RNiOs;, another strongly
correlated system with single valance Ni**, have become of
great interest recently [9,10,39]. p follows 7" (n = 1.33 and
1.6) behavior in single crystals of PrNiO3; under high pressure,
whereas in ultrathin epitaxial films of NdNiOs, p is extremely
sensitive to lattice strain and for highly compressive strained
films, p shows T3/3 dependence at high temperatures [9,10].
In itinerant ferromagnets Ni,Pd,_,, p(T') shows T3/3 depen-
dence up to as high as 150 K [31]. However, in Nd-doped
LaNiO3, p shows T3/2 behavior [39]. The 7%/? dependence of
p has also been observed in the well-known skyrmion lattice
system MnSi under high pressure [12,13]. The deviation from
T? dependence of p in these systems has been attributed to
the non-Fermi-liquid state. The 73/ behavior of p has also
been reported in single crystals and thin films of the itinerant
ferromagnet SrRuO; [15,34]. In SrRuOs;, p exhibits T?
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FIG. 6. The log(T) dependence of p in the temperature window
Tc < T < T at different magnetic fields for the (a) x = 0.10 and
(b) x = 0.15 crystals.

dependence well below Tc (~160 K) and a crossover to T3/2
dependence occurs with increasing T. Similar to ETNO, 73/2
behavior is observed at high temperature over a wide range.
This crossover from T2 to 7%/ dependence of p in SrRuO;
has been attributed to the non-Fermi-liquid transition [34].
The values of the coefficient » deduced from the p-vs-T3/?
plot are comparable to that reported for SrRuOs; [34].
The exponent n is found to be sensitive to the underlying
phenomena giving rise to the critical fluctuations associated
with non-Fermi-liquid behavior. The widely observed critical
exponent 3/2 indicates finite wave-vector fluctuations [9].
We have already mentioned that the p(7) curve for all the
three compositions displays a broad minimum at T, in the
PM state [Fig. 4(a)]. In the temperature window Tc < T <
Tnin» p(T') is observed to follow log(7") dependence as shown
in Figs. 6(a) and 6(b). The effect of magnetic field on the
log(T) dependence of p has also been studied and is shown
in Figs. 6(a) and 6(b) for x = 0.10 and 0.15, respectively.
For x = 0.20, the increase of p below T, is very small
and, as a result, the fit is insensitive. Figures 6(a) and 6(b)
show that with the increase in H, p decreases rapidly, the
minimum shifts toward lower temperature, and the range of
log(T) behavior shrinks progressively. This clearly indicates
that the upturn in p below Ty, is due to the Kondo scattering
of the itinerant electrons by the localized 4 f spins of the Eu>*.
It has been suggested that the ferromagnetism in ELTO
and ETNO is mediated by the Ruderman-Kittle-Kasuya-

Yosida (RKKY) exchange interaction between the itinerant
d electrons of Ti or Nb and the localized 4 f moments of
Eu?t[22,24,27]. Thus, the competition of the intersite RKKY
exchange interaction, Erxxy = J>1, where 7 is the density
of states of the conduction sea, and the Kondo temperature,
Tx ~ DWe’l/ @I where Dy is the bandwidth, results in the
formation of either the usual magnetic ordering with large
moments, viz., in rare-earth elements or the nonmagnetic
Kondo state with suppressed moments [40,41]. For small J 7,
Erkky > Tk, the dominant RKKY-type FM exchange below
T¢ stabilizes the usual magnetic ordering with the full moment
of Eu** in ETNO and ELTO. The sign and strength of the
RKKY exchange interaction (Jrggy ~ cos(2kpr)/ r) depend
on the spatial separation (r) of the localized moments (Eu*")
and the Fermi wave vector kr. As kr and r are functions of
Nb doping, the two energy scales are changing with increasing
x. The estimated lattice parameter a for different doping
level x shows that the spatial separation between the Eu’*
moments increases almost linearly with increasing x (Fig. 1).
The variation of the transition temperatures (Ty or T¢) with
the doping concentration x shows an oscillatory behavior;
i.e., the exchange interaction changes sign with increasing
doping [inset of Fig. 2(b)] and is thereby consistent with
the RKKY picture. At around x = 0.15, the suppression of
Kondo scattering by FM RKKY exchange is largest and
that is why T¢ peaks around x = 0.15. Similar behavior has
also been observed in La- and Gd-doped EuTiO; crystals,
which has been ascribed to RKKY oscillation [22]. The low
temperature and high field favor the FM phase and prevent
the formation of Kondo singlets; thereby the range of log(7)
fit shrinks as the FM phase intrudes into the high-T phase
with applied field. Therefore, p(7T) of the present ETNO
system mimics the behavior of a FM Kondo lattice, which
is relatively less numerous and exhibits rather complicated
physical pictures [40-42]. In general, the Kondo effect is
strongly suppressed in systems with large local moments. Sev-
eral rare-earth-based AFM systems with RKKY interaction
exhibit a minimum in p(7") which cannot be explained by
the Kondo scattering but is ascribed to the formation of a
liquidlike spin state [43—46]. We would like to mention that
few Eu- and Sm-based compounds also show the Kondo effect
but they order antiferromagnetically [47-49].

The sharp anomaly at T¢ in the p(T") curve weakens with
increase in H and disappears above a critical field and p
shows metallic behavior over the entire range of 7', as shown
in Fig. 7(a) for the x = 0.15 sample. This suggests that the
conduction electron is strongly coupled with localized Eu**
spin. MR defined as Ap/p = [(p(H) — p(0))/p(0)], is small
and negative, except in the vicinity of Tc. The T and H
dependence of MR of ETNO and its value are similar to that
reported for ELTO [22]. We have also measured Ap/p in both
electron-magnon and electron-electron scattering dominated
regions. Well below T¢, where electron-magnon scattering
dominates p, Ap(H)/p increases rapidly with field and then
starts to saturate at high field as shown in Fig. 7(b) for
some representative temperatures. The qualitative nature of
Ap(H)/p is similar to the M (H) curve and to that calculated
theoretically for spin-wave scattering [36]. Also, Ap/p ap-
proximately scales with the magnetization offset A Ms/Ms(0)
at low temperature where p tends to saturate with field. These
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FIG. 7. (a) Temperature dependence of the resistivity for dif-
ferent magnetic fields. (b) MR versus H below Tc and (c) H?
dependence of the MR well above T¢ for the x = 0.15 crystal. Solid
black lines correspond to a linear fit.

observations support spin-wave scattering. Contrary to this,
the nature of Ap(H)/p curves well above T¢ in Fig. 7(c) is
very different. Ap/p is very small and shows H? dependence.
This relation comes into play as the carriers get scattered by
the thermally fluctuating spins. As M increases with H, the
fluctuation of spins decreases, leading to a negative MR.

When Eu®" is replaced by La*™ or Gd**, electrons are
introduced in 3d #, orbitals of Ti, which leads to mixed
valence Ti** and Ti** and the metallic conductivity arises
due to the hopping of electrons from 3d! to 3d°. In ABO;
perovskites, substitution at site A by some heterovalent ele-
ment transfers either a hole or an electron from A to transition
metal B and the system becomes metallic above a criti-
cal doping. On the other hand, insulator-to-metal transition
through B-site substitution is rare because substitution at this
site creates disordering, which favors the localization effect.
Thus, the insulator-to-metal transition with substitution of a
small amount of Nb (~5%) at the Ti site suggests that charge
conduction is not due to the percolation through Nb ions. The
unpaired 4d' electron of Nb hops to the empty 3d° orbital of
Ti and, as a result, the 4d state of Nb** strongly hybridizes
with 3d of Ti**. At higher doping level x close to 1, Nb is
surrounded by other Nb ions, and in such a case conductivity
is dominated by the hopping of electrons between isovalent
Nb ions and makes EuNbO; metallic. Unlike EuNbOs5, the
end members of EuTiO5 are Mott insulators when substitution
is done at the Eu site with other rare-earth ions.

The charge conduction mechanism in strongly correlated
transition-metal oxides is very different from that of good

elemental metals, and heavy fermions. Several nonmagnetic
metallic oxides such as La;_,Sr,TiO; (LSTO), LaNiO;
(LNO), SrVO; (SVO), CaVOs (CVO), and SrTi;_,Nb,O3
(STNO), with perovskite structure similar to ETNO, ex-
hibit 72 dependence of p due to electron-electron scatter-
ing [1,10,50]. The T2 dependence of p in these systems is
strong and extends over a wide range. For example, p shows
T? dependence up to as high as 300 K for LSTO, CVO, and
SVO [1].InNd,_,Ce,CuO,, p shows T2 behavior up to about
700 K and then crosses over to 7' dependence [51]. This sug-
gests that electron-phonon scattering in these systems is very
weak as compared to electron-electron scattering. In ETNO
also, the electron-phonon scattering is very weak and appears
at high temperatures. Furthermore, the value of the coefficient
a for the above-mentioned compounds is found to be very
close to that for ETNO (~1073 12 cm K~?) in the PM state
at their equivalent carrier density (~2 x 10%' em™3) [1,52]. It
is worth comparing the behavior of the 7' dependence of p of
ETNO with STNO because in both the cases the charge carrier
is doped by substituting Nb at Ti sites. a is observed to scale
with carrier density over a wide range for doped SrTiO3 and its
value is about 1073 £ cm K2 at the corresponding carrier
density of ETNO [1,50]. On the other hand, the observed
values of a for ETNO below 4 K do not fall on the scaling plot.
This allows us to conclude that the value of the coefficient a
below 4 K is too large to be electron-electron scattering for
such a high carrier density. However, in these nonmagnetic
transition-metal oxides, p does not show any crossover from
T? to T3? dependence with increasing temperature. Thus,
we can say that the non-Fermi-liquid behavior in ETNO is
of magnetic origin as in the case of SrRuOs.

IV. CONCLUSIONS

In summary, we report a comprehensive study of the trans-
port properties in single-crystalline EuTi;_,Nb, O3 itinerant
ferromagnets. The observed 7% dependence of the resistivity
in the FM state is due to the dominant electron-magnon
scattering, unlike that observed in the PM state, which is
due to the electron-electron scattering. Also, a crossover from
a T? to T%? temperature dependence of the resistivity has
been observed in the PM state, suggesting a non-Fermi-liquid
behavior. Furthermore, the scattering of the itinerant electrons
by the large localized moments of the Eu>* ions results in a
Kondo-like upturn in the resistivity above T¢. The presence of
several scattering mechanisms and the non-Fermi-liquid be-
havior make ETNO a unique ferromagnetic metallic system.
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APPENDIX

The thermal variation of resistivity of the ETNO com-
pounds with x = 0.10 and x = 0.20 is shown in Figs. 8 and 9,
respectively. Similar to EuTiggsNbg 1503, the resistivity for
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FIG. 8. (a) Temperature dependence of the resistivity of the
EuTi;_Nb,O; (x = 0.10) compound over the whole temperature
range. (b) T2 dependence of resistivity in the paramagnetic region
in the temperature range from 73 to 120 K. (¢) T3/? variation of
resistivity in the temperature range 175 < T < 260 K above T and
(d) T? fitting into the resistivity at very low temperature in the
ferromagnetic region below 2.9 K.

both of the compounds obeys different power laws of tem-
perature for different temperature regimes. They also exhibit
T? and T3/? behavior in the paramagnetic region above 7¢.
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FIG. 9. (a) Temperature dependence of the resistivity of the
EuTi;_Nb,O; (x = 0.20) compound over the whole temperature
range. (b) T2 dependence of resistivity in the temperature range
85 < T <130 K above T¢. (c) T3/? variation of resistivity in
the temperature range 150 < 7' < 233 K above T¢.

But due to having lower magnetic transition temperature
we are unable to fit the resistivity of the x = 0.20 compound
with T2 over a reasonable interval of T below T¢ for the
accurate determination of the parameter a.
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