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Abstract. The magnetic transport properties have been measured for Lag.e7—2YzCao.33MnOs (0 < z <
0.14) system. It was found that the transition temperature T}, almost linearly moves to higher temperature
as H increases. Electron spin resonance confirms that above T}, there exist ferromagnetic clusters. From
the magnetic polaron point of view, the shift of 7T;, vs. H was understood, and it was estimated that the
size of the magnetic polaron is of 9.7 ~ 15.4 A which is consistent with the magnetic correlation length
revealed by the small-angle neutron-scattering technique. The transport properties at temperatures higher
than T}, conform to the variable-range hopping mechanism.

PACS. 75.30.Vn Colossal magnetoresistance — 71.30.+h Metal-insulator transitions and other electronic
transitions — 76.30.-v Electron paramagnetic resonance and relaxation

1 Introduction

Manganese perovskites based on the compound LaMnOs3
are attracting considerable theoretical and technological
interest by virtue of their unusual magnetic and electronic
properties [1-4]. Most notable of these properties is the
extremely large change in resistivity that accompanies the
application of a magnetic field near ferromagnetic ordering
temperature T, an effect known as ‘colossal’ magneto-
resistance (CMR).

Although the electron-lattice interaction arising from
the dynamic Jahn-Teller distortion is considered to be im-
portant for the understanding of overall trends of CMR
phenomena [5] besides the conventional double-exchange
(DE) mechanism [6], the lattice polaron formation is in-
complete to explain the transport properties in connec-
tion with the observed CMR effect [7-9]. It is suggested
that the ey carriers of Mn3* ions can be trapped by spin-
disorder scattering due to the local deviations of the fer-
romagnetic surroundings, resulting in the formation of
magnetic polarons in the vicinity of T¢ [10,11]. A lot
of theoretical works [12-16] have demonstrated that the
magnetic polaron formation plays a crucial role in CMR
phenomena in paramagnetic state. At the same time,
many experiments have been devised to understand their
unique magnetic features in the paramagnetic state. For
instance, the high-temperature inverse susceptibility for
Lag.7Cag.3sMnQOj is smaller than that expected from Curie-
Weiss law at low magnetic field H < 0.1 T [17,18]. More-
over, using a combination of volume thermal expansion
(with and without an applied field), magnetic suscepti-
bility and small-angle neutron scattering measurements,
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De Teresa et al. [19] presented direct evidence for the
existence of magnetic polarons above T¢. They detected
the spontaneous formation of localized similar to 12 A
magnetic polarons above T¢ which, on application of a
magnetic field, grow in size but decrease in number in
the compounds (La;—;Az)s/3Ca;,3MnO3 (where A is Y
or Tb). There has also been an increasing realization that
manifests the importance of the magnetic polarons in the
paramagnetic state of the doped perovskite manganites.

The ferromagnetic ordering temperature Tc of
Lag.g7—2 Yz Cag.33MnOg system is close to the correspond-
ing insulator-metal transition temperature 7}, and both of
them decrease linearly with the Y content [20]. In this pa-
per, we selected Lag.g7_zY:Cag.33MnOg system to study
the magnetic field-dependent insulator-metal transition
and transport properties above Tp,. It was found that T},
almost linearly moves to higher temperature with H at a
rate of 6 ~ 10 K/T. From the magnetic polaron point of
view, the shift of T}, vs. H was understood. From the rate
of the shifts, the magnetic polaron in the vicinity of Tj,
was estimated to be about 9.7 ~ 15.4 A in size that is
consistent to the magnetic correlation length revealed by
the small angle neuron scattering (SANS) [19].

2 Experiments

The four samples with the nominal compositions
Lag.g7—2 Y2 Cap.33MnOg3 (x = 0, 0.07, 0.10, and 0.14) were
prepared by a solid-state reaction method from starting
materials LasOs, Y203, MnCOgs, and CaCOj3 of high-
purity (>99%). The starting materials were completely
mixed, ground, and calcined at 1000 °C for 15 hours
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Fig. 1. XRD patterns for the Lag.¢7—z Yz Cao.33MnO3 (0 < z <

0.14) system (a) and the lattice parameter and lattice volume (b).

Insets of (a) and (b) show both the peak shift to high angle and lattice volume with z, respectively. The dotted lines are guide

to eyes.

and 1100 °C for 18 hours leading to powders. Then
the powders were pressed into pellets and sintered at
1200 °C for 24 hours in air with intermediate grindings.
Finally, the pellets were again ground to powders, pressed
into bars, and sintered at 1250 °C for 15 hours. X-ray
diffraction (XRD) patterns were recorded by MacScience
MAXP18AHF diffractometer using Cu Ka radiation. The
temperature dependencies of resistivity for the samples
were measured in magnetic fields up to 8 T supplied
by Oxford superconducting magnets upon warming from
4.2 K to room temperature by a four-probe technique.

ESR experiments on the LaggY0.07Cap.33MnOg3 in the
temperature range from 160 to 300 K were carried out on
a Bruker ER-200D-SRC spectrometer in X-band at the
frequency of 9.47 GHz.

3 Results and discussion

Figure 1 presents the XRD spectra of the samples at room
temperature. No structural change due to the Y doping
from the diffraction was detected. Detailed analysis shows
that the samples are single phased and well crystallized
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Fig. 2. Transport properties of the Lag.67—2Y2Cagp.33MnOs (0 < z < 0.14) system in different magnetic fields.

with a nearly cubic structure, as shown in Figure 1b.
With Y doping, the diffraction peaks move to high angles,
denoting that the lattice parameter and volume decrease
systematically with x, see the insets of Figures la and b.
This is consistent to the fact that the radius of Y3+ ion is
smaller than that of La3" ion.

The field-dependent resistivity p as a function of T
is presented in Figure 2 for the four samples. One can
see that in the absence of H, the insulator-metal tran-
sition temperatures T, (H = 0) move to low tem-
peratures as Y doping increases from 0 to 0.1, and
when z reaches 0.14, the transition disappears. At the
same time, the magnitude of the zero-field resistivity in-
creases with x. The reason [20] is that the average radius
of A site (ABOj3 perovskite structure) (ra) reduces and
Mn3*-0%2~-Mn**+ angle 6 deviates from 180°, which will
hamper the ey electrons transferring between the neigh-
boring Mn3* and Mn** ions. Hence T}, decreases and the
resistivity increases with the Y doping. As H increases up
to 2 T or larger, an insulator-metal transition appears for
x = 0.14 sample. Similar results were also observed in the
Pry.7Cag.3MnO3 sample [21]. The (ra) of the both sam-
ples is close to 1.18 A that locates the critical cross-point
of paramagnetic insulating, ferromagnetic insulating, and
ferromagnetic metallic phases in the phase diagram of
temperature vs. (ra) and tolerance factor [22]. The in-
sulating state at the critical point is not stable and can
easily be induced to a metallic state by a strong enough H.

The magnetic field H can not only induce the
insulator-metal transition but also push the transition

320
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Fig. 3. Field dependence of the insulator-metal transition tem-
perature T,. It can be seen that 7}, almost linearly moves to
higher temperature at a rate of 6 ~ 10 K/T. The solid lines
are guides to eyes.

towards high temperatures and decrease the resistivity.
From Figure 2, one can easily find that as H increases,
T, for each sample moves to high temperatures and the
resistivity in the vicinity of 77, is greatly reduced, leading
to CMR effect.

Figure 3 depicts the relationship between T},(H)
and H. One may notice that T,(H) almost linearly moves
to high temperatures as H increases, and the increment
of T,(H) per tesla is about 6 ~ 10 K (8, 7.4, 9.3, and
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6.4 K/T for x = 0, 0.07, 0.1 and 0.14, respectively).
Such an increasing rate was also observed in the other
CMR manganese oxides [21,23]. Theoretical calculations
predicted that a magnetic field could push the insulator-
metal transition to high temperature [24]. We thought
there must be a common physical origin underlying for
this shift.

From the energy point of view, the external magnetic
filed can bring extra energy to the system. The energy can
be either proportional to H?, the self-energy of magnetic
field; or the interaction energy Ep of the magnetic mo-
ments of an entity in the magnetic field. For a magnetic
system, it is physically reasonable to regard that the lat-
ter form of energy that the magnetic field brings to the
system will appear. The latter can be written as

Ey = yuSes H, (1)

in which v, ug, and Seg are the gyromagnetic ratio, Bohr
magneton, and the effective spin of the magnetic moments
of the entity, respectively. v is constant and nearly equal
to 2 for the manganites due to the frozen orbital.

More and more theoretical calculations [25] and exper-
imental results [19,26-29] indicated that the local entities
— short-range ferromagnetic clusters form in the vicinity
of T,,. The short-range ferromagnetic clusters can trap
charge carriers forming the magnetic polarons. With the
application of a magnetic field, the potential energy of the
magnetic polarons decreases in the vicinity of 7},. As a re-
sult, some magnetic polarons will grow in size and merge
into the larger long-range ferromagnetic clusters, in which
the magnetic polarons liberate/delocalize the self-trapped
charge carriers. So, it brings about a drop in resistiv-
ity (several orders of magnitude) and the insulator-metal
transition (7, (H)) moves to high temperatures. When H
becomes larger, the magnetic polarons at higher temper-
atures will become large in size and also melt into the
ferromagnetic metallic phase. In fact, there is a compe-
tition between the H-induced magnetic polaron merging
and thermal fluctuation that will counteract the merging.
So, it is reasonably regarded that the increment of T},(H)
per tesla is

5Tp = 5EH//€]3 = ’YMBSQH(SH/ICB. (2)

Here kg is the Boltzmann constant. From equation (2) one
can get

kg 0T,
Sag=_—=""P. 3
T 5H ®
As mentioned above, here % =6~ 10 K/T. After sim-

ple calculation, one can get that Seg = 4.5 ~ 7.4. For
Lag.¢7—2 Y2 Cag.33MnO3 system, the ratio of Mn?+ /Mn**
is 2:1, and the spin value S of the Mn3*t-O%?~-Mn** in-
dividual is 1.83 per unit cell [25]. So, the ferromagnetic
cluster should consist of a few Mn3*-0O2~-Mn** individ-
uals. The number n of the individuals that the entity
contains equals Seg/S = (4.5 ~ 7.4)/1.83 = (2.5 ~ 4).
The size of the ferromagnetic surroundings is of the or-
der of 2.5 ~ 4 lattice spacing distances. With the lattice
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Fig. 4. ESR spectra in the temperature range from 160 K to
300 K for the = = 0.07 sample. Below 240 K, there is an extra
signal denoted by Sz appearing besides the paramagnetic signal
denoted by Si, which suggests that there are ferromagnetic
clusters appearing in the paramagnetic background when 7" <
240 K. Note that the resonance position of S» shifts gradually
to the low field region as T' decreases.

parameter a = 3.86 A the size of the cluster is estimated
to be na = 9.7 ~ 15.4 A. The value is in good agree-
ment with the size of magnetic polaron revealed by the
recent SANS measurements [19] and the theoretical simu-
lations [25]. One may find that the most important effect
induced by the external magnetic field is that 7, moves to
a higher temperature due to the magnetic polarons con-
densed into the metallic phase. T}, moving to a higher tem-
perature means that the external magnetic field increases
the long-range ferromagnetic metallic fraction. Thus the
CMR effect manifestly appears around 7},.

In order to confirm that there are short-range ferro-
magnetic clusters existing in the paramagnetic matrix,
we employed electron spin resonance (ESR) technique to
check the magnetic behavior as a function of temperature.
For instance, the Lag.¢Yo.07Cag.33MnO3 sample, whose T},
is 163 K in the absence of magnetic field, has been selected
to perform the ESR experiment in the temperature range
from 160 K to 300 K. Figure 4 presents the ESR spec-
tra of the sample at different temperatures. It can been
seen at temperatures higher than 240 K, each spectrum
consists of a single line with the magnetic resonance field
at 3400 Gauss denoted by S;. This resonance can be at-
tributed to the paramagnetic signal [30]. When tempera-
ture decreases to 240 K or below, however, there is an ex-
tra resonance signal denoted by S> at lower magnetic field
region appears besides S;. Note that the short-range fer-
romagnetic clusters appear at temperatures much higher
than T,. The Sy signal suggests the appearance of short-
range ferromagnetic clusters in the matrix of paramag-
netic state [30]. The position of S2 moving to low magnetic
field means that the ferromagnetic clusters grow in size as
the temperature decreases. Similar behaviors were also ob-
served in the remaining Lag e7—,Y;Cag.33MnO3 (x = 0,
0.1) samples which have the insulator-metal transition in
the absence of magnetic field, not shown here.
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Fig. 5. (a) Plots of Inp vs. T~* and (b) relationship between Tol/4 and H. The dotted lines are guide to eyes.

Although the electron-lattice interaction arising from
the dynamic lattice Jahn-Teller distortion is considered to
be very important for understanding of overall trends of
CMR phenomena [5], the lattice polaron is incomplete to
explain the transport properties in connection with the ob-
served CMR [7-9]. Above Tp(or T¢), the samples are para-
magnetic semiconductors, and the conductivity is sup-
posed to emerge from hopping of magnetic polarons due to
the random magnetic potential originating from the distri-
bution of inhomogeneous magnetic clusters (magnetic po-
larons) [27,31]. It is suggested that the e, carriers of Mn3+
ions can be trapped by spin-disorder scattering due to the
local deviations of the ferromagnetic surroundings, result-
ing in the formation of magnetic polarons in the vicinity
of Tc [10,11]. The self-trapped states of magnetic polarons
are theoretically proved to only disappear at T — oo
(Nagaev, Ref. [32]). The hopping magnetic polarons are
widely used to theoretically or experimentally interpret
the conductive properties in the paramagnetic state of
manganites [27,32]. Given that Lag.e7—sY:Cag.33Mn0O3
contains magnetic polarons embedded in the paramag-
netic insulating matrix when 7' > T},, one may propose a
variable-range-hopping conduction: p = pgexp(Ty/T)"/4,
where pg is the prefactor and Ty is the characteristic tem-
perature. Ty o 1/&3kg N (Er), in which ¢ is the localiza-
tion length of the trapped charge carriers, N(Eg) is the
density of localized states at Fermi level [33]. The plots
of Inp vs. T~'/* are presented in Figure 5. A good lin-
ear In p ~ T~ /% relationship at temperatures higher than
T, can be seen for all the Y-doped samples in the pres-
ence or absence of magnetic fields. One may find that
TO1 /* increases with Y doping meaning that the localiza-
tion of charge carriers is strengthened. Note that for the
Y-undoped sample, there are not enough data recorded
for the Inp vs. T—/* plots because the T, is close to the

highest temperature (300 K) in our measurements and the
plots of In p ~ T~1/4 are not presented. Similar transport
properties above T}, were also observed in Ag.7Bp.3MnOs3
compounds with different A and B cations like La3*,
Pr3*, Nd3t and Ca?t, Sr?* and Ba?*, respectively [34].
For the transport above T}, where Inp o (Tp/T)'/*
scaling holds, we first made use of the approximations [32]
without considering a random potential of mainly mag-
netic inhomogeneity (ferromagnetic clusters) above Tp,

kT = 18/&*N(Er) (4)
and
R = {9¢/87N (Er)kpT}"/* (5)

to evaluate the values of £ and the average hopping dis-
tance R. The values of ¢ range from 0.3 to 0.8 A, and R
from 3.3 to 4.1 A at room temperature for the current
system, respectively, by considering the electronic density
of states N(Ep) = 4 x 102® m~3 eV~! revealed by heat ca-

pacity measurements [13] and TO1 /4 ranging from 56 and
111.8 K'/4, see Figure 5. Since the localization must ex-
ceed the Mn-Mn distance and the hopping distance should
be several times greater, these numbers are incompati-
ble with the conventional variable-range hopping. In or-
der to answer the incompatibility, it is proposed that a
random potential of mainly magnetic origin is responsible
for carrier localization above T}, [32]. Thus, the density
of states is rectified to be about 9 x 10?6 m~3eV~! and
kpTy = 171U,,v/&3, where U, (~2 eV) and v(= a® =
5.7 x 1072 m3) are the splitting energy between spin-
up and spin-down ey band and the lattice volume per
manganese ion, respectively. The corresponding values of
¢ now range from 0.8 to 2.1 A, and R from 10.6 to 13.4 A
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Fig. 6. Field dependence of the localization length & (a) and
the hopping distance R (b) evaluated at room temperature.
The open symbols represent the rectified values of ¢ and R.
from equation (4); the solid symbols depict the values of &
and R without modification from equation (5).

at room temperature for the current system, respectively.
The numbers are physically plausible since the localiza-
tion length of e, electron exceeds the ionic radius of Mn3™*
and the hopping distances are 3-4 times the Mn-Mn sepa-
ration. It should be noted that the hopping distances are
consistent with the size of magnetic polarons revealed from
the T}, shift. It is reasonable to consider that the dimension
of a hopping taking place is only the size of a magnetic
polaron and the localization of e, electron trapped by the
magnetic polaron is very strong. The field dependence of
f and R fOI‘ La0_67_xYxCaO_33Mn03 (007 S X S 0.14)
system are plotted in Figure 6.

The parameter Tol/ * decreases as H increases denot-
ing that the localization length £ and R increases as H in-
creases and the ability of the magnetic polarons to trap eq
carriers weakens, because with the increase of H more and
more magnetic polarons at high temperature would melt
into the ferromagnetic metallic phase.

4 Conclusions

The transport properties of Lag 67— Y. Cag 33MnO3 (0 <
x < 0.14) system were measured. The samples with Y

content x < 0.10 show an insulator-metal transition in the
absence or presence of magnetic field while the z = 0.14
sample shows the transition only if the magnetic field is up
to 2 T or larger. The transition temperatures almost move
linearly to high temperatures at a rate 6 ~ 10 K/T. Based
on the scenario of magnetic polarons existing in the para-
magnetic insulating matrix, the shift of the transition and
CMR effect were explained. Furthermore, the size of the
magnetic polarons was estimated from the shift rate to be
9.7 ~ 15.4 A which is in good agreement to that revealed
by the SANS technique and theoretical calculations.

This work was supported by the Chinese National Natural Sci-
ence Foundation and the Ministry of Science and Technology
of China.
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