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Abstract
Magnetotransport properties of the compound Ca4Mn3O10 are interpreted in
terms of activated hopping of small magnetic polarons in the non-adiabatic
regime. Polarons are most probably formed around Mn3+ sites created by
oxygen sub-stoichiometry.

The application of an external field reduces the size of the magnetic
contribution to the hopping barrier and thus produces an increase in the
conductivity. We argue that the change in the effective activation energy
around TN is due to the crossover to variable range hopping conduction as
antiferromagnetic order sets in.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Manganite perovskites of the type RE1−x MxMnO3 (where RE = rare earth and
M = alkaline earth, Pb) have been one of the focal points of condensed matter research since
the discovery of the so-called colossal magnetoresistance (CMR) effect in the early 1990s [1,2].
Although double exchange (DE) between Mn3+(d4) and Mn4+(d3) was identified as early as
1951 as the basic mechanism of ferromagnetic (FM) coupling in these materials [3, 4], it is
now clear that it is the interplay of charge, orbital and spin ordering that has to be considered
in order to explain the rich magnetotransport behaviour encountered in the manganites [5].
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In essence, within the DE mechanism, charge transport takes place through coherent
hopping of the carrier between adjacent manganese sites, i and j . Due to a large on-site
Hund’s coupling, the effective hopping transfer integral is maximum when �Si is parallel to
�Sj . As a result, a natural connection arises between electron hopping (and, hence, metallic
conductivity) and FM order. In this context, the drop in resistivity observed just above the
Curie temperature is qualitatively explained via a reduction by the applied field of the scattering
arising from disorder of the localized spins. However, in contrast with what would be expected
from this simple scenario, the experimental T –x phase diagrams of these materials show a
pronounced electron–hole asymmetry and display a rich phenomenology of paramagnetic,
antiferromagnetic (AFM), metallic FM, insulating FM and insulating charge ordered (CO)
phases. Early work mainly focused on the x ∼ 1

3 composition because it approximately
represents the optimal electron density for ferromagnetism. More recently, however, attention
has switched to doping levels for which competition between DE and AFM superexchange
leads to separation into AFM and FM regions (i.e. boundary regions separating two competing
states in phase space) as it is here that the largest CMR ratios are to be found, strongly linked
to the presence of intrinsic inhomogeneities in the form of coexisting competing phases. In
this picture, the insulator-to-metal transition appears percolative in nature: the FM metallic
domains grow in size as T → T +

c or a magnetic field is applied and finally percolate, short-
circuiting the current and thus inducing the CMR effect [5–8].

Alternative view of the ferromagnetism and CMR effects in the manganites was proposed
by Alexandrov and Bratkvosky [9] based on experimental evidence [10, 11] that shows that
the conductivity gap in these materials is of the charge-transfer type, with carriers mainly
residing on oxygen orbitals (in contrast with the DE model, in which carriers are electrons
(or holes) in a band of Mn d eg parentage). In this model, CMR results from the charge
carrier density collapse (CCDC) that occurs as T → T +

c due to the binding of polarons into
immobile pairs (bipolarons). Below Tc, the competition of this binding with the FM O(p)–
Mn(d) coupling breaks the pair apart and the density of carriers augments as T → 0 [9, 12].
The modified DE remains, however, as the most widely accepted explanation for the manganite
phenomenology.

A great deal of the renewed interest in the manganites has been directed to the electron-
doped compositions, especially since the discovery that CMR also occurs in the Mn4+ rich
end of the RE1−x Mx MnO3 (M = Ca mainly) series for x ∼ xc

∼= 0.8–0.90 [13, 14]. In this
regime, CMR is also linked to the competition between FM and CO AFM phases. The x = 1
end member of the series (y = 0, where y = 1 − x is the electron doping), CaMnO3, is an
insulating antiferromagnet with a G-type magnetic structure below TN ∼ 123 K [15] due to
the superexchange coupling between t2g electrons on neighbouring Mn4+ sites. Replacement
of Ca2+ by a lanthanide ion causes these AFM interactions to compete with the FM that arises
from the electron injection into the σ ∗eg band, leading to a series of different magnetic ground
states as y increases. Interestingly, in contrast to earlier predictions [16], most experimental
evidence indicates that a homogeneous long-range canting of the AFM background is unstable
against segregation into a mixture of AFM and FM phases, even for the lowest electron doping
levels [17–19]. Thus, for y � 0.045, doped electrons remain localized on single Mn sites
leading to isolated Mn3+ ions that coexist with the majority Mn4+ sites [20, 21]. The DE
coupling to the neighbouring Mn4+ ions distorts the magnetic environment locally creating
a FM cloud around itself. The result is an insulating regime in which small magnetoelastic
polarons (local FM regions involving a single Mn3+ site) exist in an undistorted AFM lattice,
so the system retains the G-type magnetic structure. Above y ∼ 0.045, this polaronic insulator
becomes unstable as repulsion between eg electrons becomes sufficient to induce charge
and/or orbital ordering. Thus, recent data for y = 0.06 are interpreted considering a long
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wavelength spin-density wave consisting of C-type AFM and FM components [20], the C
structure corresponding to an orbital ordering in the xy planes. Further doping favours the
C structure, which becomes prevalent for y � 1 − xc. In this regime, the large MR ratios
correspond to the melting of the CO state [22].

Oxygen deficiency in undoped CaMnO3−δ (δ < 0.5) has the same effect of producing
a mixture of Mn3+ and Mn4+ ions. However, in contrast to what happens with lanthanide
substitution, the Mn3+ cations are now in a square pyramidal rather than octahedral
coordination. Magnetically, the system retains the G-type structure up to δ ∼ 0.20 and transport
remains thermally activated over the range 0.0 � δ � 0.33 [23]. As for the lanthanide-doped
materials, charge ordering has also been found in oxygen-deficient CaMnO3 [24]. Large MR
has also recently been reported for δ � 0.11 [25].

Here we present a detailed analysis of the thermopower and magnetotransport behaviour
of Ca4Mn3O10−δ (δ → 0), the n = 3 member of the Ruddlesden–Popper (RP) series
Can+1MnnO3n+1 of which CaMnO3 can be regarded as the n = ∞ representative. RP phases
(AO)(ABO3)n [26] consist of perovskite slabs of n layers of corner-sharing BO6 octahedra
separated from neighbouring blocks by an AO rock-salt layer. The introduction of the rock-salt
layer increases the number of bridging oxygens in the exchange pathway along the z-axis, thus
causing a decrease in the magnitude of the exchange coupling in that direction. This produces
an anisotropic reduction of the 3d bandwidth and hence modifies the magnetic and transport
properties of these systems to an extent that depends on the value of n.

The magnetotransport properties of the low n RP manganites have been less studied than
that of their n = ∞ counterparts. Activated conduction at high T has been reported for all
undoped Can+1MnnO3n+1 materials [27], which, for n = 1, has been ascribed to small polaron
hopping [28]. Large magnetoresistance ratios have been reported for the n = 2 lanthanide-
doped materials [29, 30]. As in the case of the n = ∞ perovskites, CMR in the mixed-
valence bilayer manganites is not necessarily linked to the presence of PM → FM transition
and, in fact, CMR effects have been reported without long range ferromagnetism [31, 32].
Again, experimental evidence suggests that phase separation is an intrinsic feature of these
materials [5]. The same can be said of the doped n = 1 manganites. In these systems, the quasi-
two-dimensional character precludes the onset of long range ordered (lro) ferromagnetism and
CMR. However, the magnetic phase diagram of La1−x Sr1+x MnO4, with CO phases and a
phase-coexistence regime [33, 34], resembles that of La1−x Srx MnO3, indicating that similar
physics is behind the phenomenology of these materials.

So far, only a handful of papers have been devoted to the n = 3 members of the RP
series [35–37]. This is mainly due to the difficulty in producing mixed MnIII/MnIV materials
by chemical substitution, which makes the system a poor candidate for showing CMR through
the conventional DE mechanism. Attempts have been made to dope Ca4Mn3O10 with La3+

in order to induce mixed valence, but only small doping levels have been so far reported
in bulk samples [36, 38]. Recently, Yu and co-workers have shown that the reason for this
rather low miscibility could be the instability of the as-obtained Pcab structure of the undoped
Ca4Mn3O10 [35] under the internal ‘chemical’ pressure originated by the difference in ionic
radii between Ca2+ and La3+ [39, 40]. As pressure is increased beyond ∼19 MPa, the system
undergoes a phase transition from the ambient pressure orthorhombic structure to an undistorted
tetragonal one (space group = I4/mmm) [40].

Undoped Ca4Mn3O10 orders antiferromagnetically at TN ∼ 113 K (G-type magnetic
structure), with a weak ferromagnetic (WFM) component that has been ascribed to a
Dzyaloshinskii–Moriya term in the exchange Hamiltonian arising from the orthorhombic
distortion of the crystal structure [37]. The WFM is hidden in zero field due to the AFM
exchange along the z-axis but an applied magnetic field induces a spin-flop transition into a
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phase with a net magnetization. Magnetoresistance ratios up to 40% have been reported for
this material [41].

In this study of the electronic transport of Ca4Mn3O10 in the vicinity of the AFM transition.
We find activated transport over the entire measured T range (4.2–300 K) that we relate to
the presence of small magnetoelastic polarons that originate from the localization of the small
concentration of eg electrons that arise from oxygen deficiency. The large MR is explained in
terms of the magnetic nature of the polarons.

2. Experiment

Powder samples of Ca4Mn3O10−δ were prepared by the standard ceramic method. Details of the
synthetic method have been described in earlier publications [35]. The purity of the products
was established by means of x-ray and neutron diffraction measurements, which revealed that
the oxygen stoichiometry is not perfect, with δ < 0.04 [35, 37]. Resistivity measurements in
zero and applied magnetic fields were carried out on small bars (2 × 2 × 5 mm3) between 4.2
and 300 K using the four-point method with a direct current of less than 50 µA. The current–
voltage dependence showed Ohmic behaviour over the entire temperature range studied and
the current was reversed during the measurements to eliminate the effects of thermal voltages.
In order to minimize grain boundary effects, the sample was sintered at a temperature slightly
below its melting point (∼1330 K). In this way, we were able to obtain a density ∼84% of
that calculated from the unit cell parameters.

A smaller bar cut from the same sample employed for the resistivity measurements was
used to collect thermopower data. Data were collected between 70 and 340 K. The differential
four-point steady-state method with separated measuring and power contacts was used to
eliminate thermal resistance. The temperature difference across the sample was kept constant
between 0.3 and 1.0 K. Gold leads were used to detect the Seebeck voltage. No lead correction
has been made to the data because the measured values were several orders of magnitude larger
than any gold contribution (SAu = 1–2 µV K−1).

3. Results

Figure 1 shows the thermal evolution of the resistivity of Ca4Mn3O10 in zero field and in
Bappl = 14 T. It shows semiconducting behaviour over the range TN ± 100 K with no obvious
singularity at TN = 113 K. However, a detailed examination of the data suggests two distinct
regimes for temperatures above and below ∼100 K. Figure 2 shows the thermal variation of the
zero-field resistivity, ρ(T ), for T > 100 K. In general, the observed exponential rise of ρ(T )

on cooling reflects the activated nature of electronic transport in this regime. However, the
Arrhenius plot ln ρ ∝ T −1 fails to produce a straight line in any section of the current T range
implying a thermal dependence of the pre-exponential factor and a departure, as expected, from
a simple activation across a band gap characteristic of broad band semiconductors. In analogy
to previous studies on e−-doped manganites, we have performed the analysis in terms of small
polaron conduction, in which case the resistivity can be expressed by the general formula

ρ = ρ0T α exp

(
− W

kT

)
. (1)

The dotted lines in figure 2 correspond to the fit of the experimental data to a small polaron
model in the adiabatic, α = 1 (W = 87.4(6) meV), and non-adiabatic, α = 3/2 (W =



Non-adiabatic small polaron hopping in the n = 3 Ruddlesden–Popper compound Ca4Mn3O10 6821

5

7

T/K

B= 0T
B= 14T

0.1

10

1000

10

10

 ρ
 /Ω

⋅c
m

0 50 100 150 200 250 300

Figure 1. The temperature dependence of the resistivity of Ca4Mn3O10 in zero field and B = 14 T.

ln
(ρ

T
-1

)/
Ω

 c
m

 K
-1

ln
(ρ

T
-3

/2)/Ω
cm

 K
-3

/2

-8

-6

-4

-2

0

3 4 5 6 7 8 9 10

-10

-8

-6

-4

-2

1000/T(K
1
)

W = 87.4 meV
W = 93.6 meV

TN= 113.5K

Figure 2. Adiabatic (α = 1) and non-adiabatic (α = 3/2) polaron hopping fits (dotted lines) to
the zero-field resistivity data above 100 K.

93.6(4) meV), limits for T � 200 K.7 There is no significant difference between the two fits
and, as reported for other oxide systems [42, 43], it is difficult, if not impossible, to distinguish

7 Above 200 K, there seems to be a crossover to a regime with lower activation energy W ∼ 42 meV, as indicated
by a change of slope in the semilog plot in figure 2. This could be an artefact, as it has not been observed in previous
measurements, or indicate a new hopping regime in which 2D AFM correlations play a much lesser role. In any case,
we believe that it does not affect the validity or our conclusions for the temperature range under study. It would be
desirable, however, to extend the current measurements to higher T .
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Figure 3. The temperature dependence of the local activation energy � = −∂ ln ρ/∂ ln T , used
to determined the exponent ν and T0 in the general expression for VRH. Inset: the fit of the low
temperature ZF resistivity to a VRH model in two dimensions.

between the two regimes from this simple graphical analysis. Data collected in Bappl = 14 T
were also interpreted within a small polaron hopping model and a plot similar to that in figure 2
yields W = 81.9(5) and 88.0(4) meV in the adiabatic and non-adiabatic regimes respectively.
The application of a magnetic field seems, therefore, to lower the activation energy of the
hopping process.

Below ∼100 K, the resistivity (both in zero field and Bappl = 14 T) is best described in
terms of a general expression of Mott’s variable range hopping (VRH) [44]:

ρ = ρ0 exp

((
T0

T

)ν)
(2)

where ν = 1/(d +1), d being the dimensionality of the system. Again, it is difficult to establish
the magnitude of the exponent from a conventional ln ρ ∝ T −ν plot, as a reasonably good fit
is obtained for a wide range of values. Instead, we have calculated ν as the slope of the linear
fit of the double-logarithmic plot of the thermal variation of a local activation energy defined
as � = −∂ ln ρ/∂ ln T [45]. These plots are displayed in figure 3 for 0 T and 14 T data. T0

in equation (2) is given by the relation T0 = (10a/ν)1/ν , where a is the intercept of the linear
fit in figure 3. In this way, we obtain ν = 0.33(7) and T0 = 2.0 × 106 K in 0 T data and
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ν = 0.32(9) and T0 = 2.3 × 106 K for the 14 T data. The inset in figure 3 shows the fit of
the ZF experimental data to Greaves’ generalized expression for the VRH model [46] in the
temperature range 40 K < T � 100 K, obtained using the calculated value of ν.

A value of ν = 1/3 is predicted for VRH transport in 2D. Thus, our analysis seems to
indicate that the quasi-2D magnetic behaviour of Ca4Mn3O10 [37] is also reproduced in the
electronic transport. The fact that ν remains unchanged for the two sets of data further suggests
that, as one might expect, the application of an external field does not alter the dimensionality
of the transport. For a 2D VRH model, T0 is expressed as [47]

T0 = 16α2

k N(EF)
(3)

where α is the inverse localization length of the hydrogenic wavefunction describing the
localized state. Assuming small polaron conduction8, we calculate a value of α of ∼6.6 ×
107 cm−1, which, from equation (3) results in a value of the 2D density of states at the Fermi
level N(EF) ∼ 4 × 1014 eV−1 cm−2.

The derived values of T0 compare well with those reported for other transition metal
oxides [48–51]. However, extrapolating the calculated 2D N(EF) to 3D yields a value of
2.7×1022 eV−1 cm−3, somewhat higher than the values encountered in doped semiconductors
(1018–1020 eV−1 cm−3) [52]. A value of α−1 ∼ 10 Å has been used before as an estimate
for the localization length of carriers in the VRH regime [50, 53], which would result in a
lower value of N(EF). This implies a significant smearing of the wavefunction. However, this
might not be correct in this case, in which the existence of small polarons requires that the
carrier be localized onto a single lattice site. In order to test the calculations above, we have
estimated the density of states at the Fermi level from the concentration of carriers derived from
the thermopower measurements (see below). Following Wagner’s work on the VRH regime
in manganite perovskites [53, 54], we have used a simple free-electron model expression for
N(EF) [55]:

N(EF) = m∗

h̄2π2
kF = m∗

h̄2π2
(3π2n)1/3 (4)

where we have made the approximation m∗ ∼ 10 me [53, 55], since strong electronic
correlations are expected in this narrow band material. Substituting n = 5.0 × 1020 cm−3

(see below) into equation (4) yields N(EF) ∼ 3.3 × 1022 eV−1 cm−3, which is comparable to
the value calculated above from T0. Substituting the new value of N(EF), scaled to 2D, into
equation (3) results in a polaron radius of rp = α−1 ∼ 1.4 Å similar to that which has been
found in other small polaron systems [56–59]. We therefore conclude that the calculated value
of T0 is consistent with a small polaron hopping mechanism. As discussed below, the large
N(EF) could be explained by the small width of the polaronic band that forms upon reduction
of the lattice by the oxygen deficiency.

The temperature dependence of the Seebeck coefficient, S(T ), is presented in figure 4. As
expected, S(T ) is negative over the whole thermal range studied, indicating that the majority
carriers in Ca4Mn3O10 are electrons.

The large magnitude (|S| ∼ 300 µV K−1, almost T independent at high temperatures) and
its increase on cooling are typical of semiconducting behaviour, in agreement with resistivity
results above. In a simple approximation, the temperature dependence of the thermopower

8 In this case, the polaron radius, i.e. the localization length of the quasi-particle, can be approximated (see [47]) by
rp = (R/2)(π/6)1/3, where R is the average intersite separation. For Ca4Mn3O10, R ∼ 3.7 Å within the perovskite
slabs in which electronic transport is most likely to occur. Hence, rp ∼ 1.5 Å and α ∼ 0.67 Å−1.
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Figure 4. The thermal evolution of the Seebeck coefficient for Ca4Mn3O10. Inset: the 1/T
dependence of S(T ) as expected for small polaron hopping.

can then be expressed as [44]

S(T ) = k

e

(
Es

T
+ αTH

)
(5)

where Es is the effective gap energy (Es = |EF − E ′|, where E ′ is the average energy of the
carriers) and αTH is a sample-dependent constant [60]. For Es independent of T , S ∝ T −1.
The linear fit in the inset of figure 4 (in the temperature range 100–200 K) yields a value of
Es ∼ 43 meV, significantly below the value of the activation energy derived from the resistivity
measurements, which, as we discuss in the following section, is characteristic of small polaron
hopping transport.

Further evidence of polaronic hopping conduction arises from the evolution of S(T )

above ∼150 K. In the case of polaron transport, for a fixed concentration of carriers, the
thermopower approaches saturation when the thermal energy becomes larger than w, the
polaronic bandwidth [61, 62]. When this occurs, S(T ) adopts a T -independent value

S0 = −
∣∣∣∣k

e
ln

(
β

(
1 − c

c

))∣∣∣∣ + S1 (6)

where β is the spin-degeneracy factor, c is the fraction of carriers per available hopping site
and S1 is a constant such that S1 times kT is the kinetic energy of the carriers. In any case,
S1 is predicted to be much smaller than the first term in the right-hand side of equation (6)
(S1 < 10 µV K−1 [63]) and, hence, we have simply approximated it as zero. β measures
the spin orientations allowed per site in the hopping process and can take the values 1 and
2. β = 1, i.e. no spin degeneracy, is expected for hops in the FM regime, whereas twofold
spin degeneracy, β = 2, is predicted for hopping in a paramagnet [64]. In the current case,
the strong intra-atomic Hund’s coupling determines that only one spin orientation is allowed
while hopping and hence β = 1. Using the value of S0 ∼ 295 µV K−1 estimated from
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figure 4, we thus calculate c = 0.031. From the interpretation below that small polarons in
Ca4Mn3O10−δ correspond to electrons attached to the Mn3+ sites originated by the oxygen
sub-stoichiometry, one electron per Mn3+ ion, we take c to be the fraction of Mn3+ sites
in relation to the total number of manganese. The value c = 0.031 thus corresponds to the
formula Ca4(Mn3+)0.093(Mn4+)2.907O9.954. From this, we calculate the concentration of carriers
n = 5.0 × 1020 cm−3 used in calculations above.

4. Discussion

4.1. Small polaron hopping versus activation to a mobility edge

The results presented in the previous section show that electronic transport in Ca4Mn3O10−δ

is activated in the entire temperature range, which we have analysed in terms of small polaron
hopping. A priori, one could argue that activated conduction could as well originate from
disorder (Anderson localization) or, simply, be the result of activation over a d-band splitting.
However, the values of the activation energy derived from resistivity and thermopower
measurements rule out these possibilities.

Were the system fully oxygenated (i.e. a perfect MnIV d3 system), activation over a d-band
splitting would not be at all surprising. Simple crystal-field considerations show that the three
d electrons of MnIV in the octahedral environment of the perovskite blocks lie in a half-filled
t2g band above which lies an empty eg band. The t2g electrons are localized by the strong
on-site Coulomb interactions that split the band into two one-electron sub-bands separated by
U , as indicated by the presence of AFM ordering in this material. The eg band is itself split due
to the strong intra-atomic Hund energy. Within this simple picture, electronic conduction for
the stoichiometric material would, therefore, correspond to the activation of electrons from the
lower t2g sub-band to the ‘parallel spin’ eg sub-band. To our knowledge, there are no reports
of the magnitude of this gap for Ca4Mn3O10. However, from the analogy to CaMnO3 (energy
gap, ε, ∼3–4 eV [65–67]), an energy gap of the order of 100 eV can be expected for the present
system, considerably larger than W ∼ 0.1 eV calculated from our resistivity measurements.

The negative sign of the Seebeck coefficient is interpreted by assuming that the carriers
in this material are electrons produced by oxygen sub-stoichiometry. The two electrons left
by each missing oxygen are located on two Mn3+ ions adjacent to the empty oxygen site.
The carriers occupy states that are pulled below the eg band due to the reduced ligand field
experienced in the local pyramidal symmetry compared to the usual octahedral one. In this
scenario, the disorder generated by the removal of the oxygen atoms could be responsible of the
localization of the carriers (Anderson localization) so conduction would occur via activation
to a mobility edge. This, in fact, has been proposed by Neumeier and Cohn [19] to explain the
transport properties of CaMnO3−δ (δ ∼ 0), which they ascribe to impurity states associated
with chemical defects. However, our thermopower measurements rule out this interpretation
in the current system. If transport occurred via activation of carriers to a mobility edge, both
the resistivity and thermopower energy gaps would represent the energy required to create a
mobile carrier, i.e. |EF − E ′| and, therefore, be equal, which is not what we observe. If, on the
other hand, transport occurs via thermally activated hopping of small polarons, then W > Es.
In this case [67, 68]

ρ(T ) = ρ0T α exp

(
−ε0 + WH − t

kT

)

S(T ) = k

e

(
ε0

T
+ α

) (7)
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where ε0 is the energy difference between identical lattice distortions with and without the
carrier; in other words, ε0 is the energy required to generate the carrier, i.e. Es = ε0 =
|EF(0) − E ′| (EF(0) is the Fermi level of the undoped material). WH is the energy required
to produce the equivalency of the two neighbouring sites in the hopping and t is the transfer
integral. In the case of thermopower measurements, hops occur between sites that have already
been thermally activated and thus there is no such term as WH in Es. We obtain W ∼ 0.09 eV
for the resistivity energy gap, much larger than Es ∼ 0.04 eV from the thermopower data,
which shows that semiconducting behaviour observed in Ca4Mn3O10 originates from small
polaron hopping and not from activation to a mobility edge.

4.2. Adiabatic versus non-adiabatic hopping

Earlier in the paper we mentioned that, in many cases, plots such as that in figure 2 do not allow
discrimination between the adiabatic and non-adiabatic regimes of small polaron hopping. This
can be done, however, by a closer look at the Emin–Holstein theory [69, 70]. In a small polaron
system, electronic transport occurs when the electron,plus associated distortion, is able to move
to an adjacent equivalent site overcoming the energy barrier that separates the initial and final
state. At low temperatures, T � θD/2, the only possible mechanism is quantum tunnelling.
As the temperature is raised, however, the width of the polaronic band decreases, tunnelling
decays and, for T � θ/2, thermally activated hopping begins to dominate. The hopping rate is
maximized when the electron moves each time the local distortion pattern is the same for the
two sites involved. In such a ‘coincident event’ [71], the electron transfers without introducing
any further deformation and the hopping is termed adiabatic. The drift mobility is given by

µ = 3ea2

2

ω0

2πkT
exp

(
− W

kT

)
(8)

where ω0 is a characteristic phonon frequency and a is the hopping distance.
In the non-adiabatic limit, the electron is no longer able to follow rapid fluctuations of the

lattice and, hence, it does not respond quickly enough to the occurrence of a coincident event
in order to overcome the energy barrier [72]. The mobility, reduced by a transfer probability
P � 1 (compared to P ∼ 1 in the adiabatic case), is now expressed as

µ = 3ea2

2h̄

t2

kT

(
π

4WkT

)1/2

exp

(
− W

kT

)
. (9)

The probability of an electron being able to adjust to the atomic fluctuations is proportional
to the transfer integral t . For a large t , the electron transfer is fast enough to follow the
lattice fluctuations and the electronic transport occurs in the adiabatic regime. For small t the
hopping is non-adiabatic. Quantitatively, these considerations can be expressed in terms of the
parameter η2 ≡ t2/(h̄ω0

√
kW T ) [72]; η2 > 1 in the adiabatic limit, whereas for non-adiabatic

transport η2 � 1. In order to relate the nature of hopping to the value of the transfer integral
this condition can be rewritten as (> for adiabatic, � for non-adiabatic)

t > / �
(

2kT W

π

)1/4(hω0

π

)1/2

. (10)

In the case of Ca4Mn3O10 we find W ∼ 0.09 eV, in excellent agreement with a value of
96.8 meV reported by Greenblatt and co-workers [27] (compared to 130 meV reported earlier
for this system [36], 70.7 meV for CaMnO3 [25] and 100 meV for Ca2MnO4 [73]). We then
assume a single frequency ω0 ∼ 1013 s−1, characteristic of optical phonons in transition metal
oxides, which results in a value of ∼17 meV for the term on the right-hand side of equation (10)
at 100 K.
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Figure 5. The thermal evolution of an effective activation energy �∗ = ∂ ln ρ/∂(1/T ) for the
zero-field (◦) and B = 14 T(•) resistivities.

An estimate of the effective transfer integral t can be obtained by considering the nature
of the interactions between carriers and localized spins in this material. Each oxygen vacancy
introduces two electrons into the otherwise MnIV AFM insulator. The strong Hund’s coupling
(∼3.4 eV in CaMnO3 [66]) prevents the formation of an S = 1 state and the impurity electrons
are parallel to the core t2g spins in localized states of mainly d character and eg symmetry pulled
below the conduction band (eg↑). Given the small concentration, a statistical distribution of
Mn3+ ions can be assumed, so each Mn3+ pair is surrounded by MnIV ions. Electron transport
occurs then via the hopping of the extra electrons along Mn3+–O–MnIV bonds (i.e. DE). The
compound is thus a particular case of DE bound carriers in an AFM matrix, as studied by
de Gennes [16]. Electron transfer can only occur between two adjacent sites and the relevant
transfer integral is given by ti j = t0 cos(θi j/2) [74] where θi j is the angle between the localized
t2g spins. For an undistorted G-type AFM spin structure, t = 0. However, in the case of
Ca4Mn3O10, the two magnetic sublattices are canted with a canting angle α ∼ 0.13◦ [37],
which gives rise to a small but finite value of t . The constant term t0 is of the order of
0.1 eV [74–77] and cos(180 −α/2) ∼ 10−3 for the observed small deviations from the perfect
G-type arrangement. This leads to t ∼ 10−4 eV in Ca4Mn3O10, two orders of magnitude
smaller than the right-hand term in equation (10), from which it can be concluded that small
polaron hopping occurs in the non-adiabatic regime in this material.

Note that this estimate of t is strictly correct only for T � TN, since it is in this regime that
α ∼ 0.13◦. That is, t ∼ 10−4 represents a lower limit of the magnitude of the transfer integral
above the transition. However, we believe that the presence of strong 2D AFM correlations
at temperatures well above TN ensures that the picture of DE carriers in an AFM background
remains the same at a local level, at least in the temperature range considered in this study.
Thermal fluctuations, on the other hand, will play a more important role in the paramagnetic
regime and the decrease of the activation energy with increasing T (figure 5; see the next
section) seems to indicate that they cause an increase of the average α above its value in the
ordered structure.
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4.3. Change in activation energy at TN : onset of non-Arrhenius behaviour

Figure 5 shows the thermal dependence of the effective activation energy�∗ = ∂ ln(ρ)/∂(1/T )

for the ZF and 14 T resistivities. Both curves show a sharp change in slope at ∼TN; above this
temperature the slope is negative, whereas below it the slope is positive. This change clearly
shows that, despite the lack of a strong feature in the raw data at the onset of 3D AFM ordering,
electronic transport is being strongly affected by it. A change in activation energy has been
found in previous studies of this material [27, 36] (although in [36] it is reported above TN)
and similar behaviour is also found in the n = 1 [27, 28, 73] and n = 2 [27] members of the
(CaMnO3)n(CaO) series. An increase in EA for T < 120 K has been, however, reported for
stoichiometric CaMnO3 [27].

An increase in the activation energy at the Néel temperature is expected for the hopping
transport of a small polaron in an AFM system provided that it occurs via nearest-neighbour
hops [78, 79]. For a simple G-type antiferromagnet this means that all hops occur between non-
degenerate states (as neighbouring sites belong to different sublattices) and thus the transfer
rate is reduced by a magnetic factor from its value in a non-magnetic background and the
polaron mobility decreases [79]. This behaviour has been observed in antiferromagnets such
as NiO [80] and it could well be the reason behind the reported increase in activation energy
in stoichiometric CaMnO3.00. Oxygen-deficient Ca4Mn3O10−δ , however, differs significantly
from NiO in that the relevant magnetic interactions are now FM (through DE) rather than AFM.

The sharp change in activation at ∼115 K most probably reflects the onset of non-
Arrhenius temperature dependence as predicted theoretically for small polarons [81, 82] when
the multiphonon hopping processes that characterize the transport at high temperatures freeze
out [71, 82]. If only nearest-neighbour (nn) hops are considered, the lower limit for this high
temperature regime is given by T0 ≡ hω0/(2k sinh−1 γ ) [42], where γ = Ep/hω0 is the
small polaron coupling constant (Ep = WH/2 is the polaron formation energy). This leads to
T0 = 108 K for Ca4Mn3O10. In principle, hopping dies out below this point and tunnelling
between extended states dominates. In practice, however, the width of the polaronic band
is so small that the presence of potential fluctuations caused by impurities washes out the
band entirely [83]. Transport occurs by electron transfer between localized states randomly
distributed both in energy and space (i.e. VRH). In fact, we have already shown that the
resistivity of Ca4Mn3O10 at T < 100 K is best described by the VRH model.

The origin of this change in conduction mechanism is probably found in the DE link
between the eg–O–eg transfer integral and magnetic ordering of the t2g spins discussed above.
As T is lowered, the strong 2D AFM correlations that develop in the ab planes lower the
transfer integral from the value in the paramagnetic regime. At T ∼ TN, the 3D AFM ordering
makes the activation energy so large for nn hops that hopping further beyond nn starts to be
statistically significant, i.e. a VRH regime sets in. This effectively reduces the effect of AFM
ordering on transport and, hence, �∗ decreases.

A similar explanation has been proposed by Fisher for the change in ∂S/∂T that they
observe at TN for the n = 1, 2,∞ members of (CaMnO3)n(CaO) [84] and the antiferromagnet
BaCoS2 [85].

4.4. Field dependence of the electronic transport

The thermal evolution of both the raw resistivity and the effective activation energy in zero
field and 14 T (�∗ in 14 T is consistently lower than in zero field in figure 5) clearly show
that the application of an external magnetic field has a significant effect upon electronic
transport over the entire temperature range. In figure 6 we present the field dependence of
MR = (ρ(B)−ρ(0))/ρ(0) at different temperatures above and below TN. In contrast to what



Non-adiabatic small polaron hopping in the n = 3 Ruddlesden–Popper compound Ca4Mn3O10 6829

B(T)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 2 4 6 8 10 12 14

106K

75K

61K

223K

165K

∆ρ
/ρ

(0
)

Figure 6. The magnetic field dependence of the magnetoresistance MR = (ρ(0) − ρ(B))/ρ(0)

for Ca4Mn3O10. The solid curves represent the fit to the squared Brillouin function leaving the
effective moment Jeff as the only varying parameter.

is observed in other CMR systems, the parabolic dependence on applied field at both sides of
the magnetic transition indicates that similar, if not the same, mechanisms are behind the large
magnetoresistances in the paramagnetic and AFM regimes (MR ∼ 40% in 14 T at 61 K).

In our previous report on the physical properties of Ca4Mn3O10 [41], we showed that the
magnetoresistance is proportional to the squared magnetization at all measured temperatures
(see figure 7), which suggests that it results from the reduction by the applied field of the
spin-dependent scattering of the carriers. Given that data were taken on powder samples of
the compound, a spin-dependent mechanism of MR could, in principle, have an intrinsic as
well as an extrinsic origin. In the latter, the M2 dependence is associated with spin-polarized
tunnelling between FM grains. However, this granular mechanism is usually significant in the
presence of magnetic order, quite the opposite of what is found in the current case. We thus
believe that the observed MR is intrinsic to the system and related to the hopping of magnetic
polarons.

The self-localization of a DE carrier in a bipartite antiferromagnet was first considered by
de Gennes [16], who showed that in the unperturbed spin structure it is energetically favourable
for each localized carrier to build up a local spin distortion in its vicinity, in which it becomes
further trapped. From the analogy to lattice polarons, the quasi-particle thus produced (formed
by the electron and a FM cloud that surrounds it) is termed a magnetic polaron. The energy
stabilization produced by the spin distortion acts as the binding for the polaron and transport
occurs via activated hopping.

In the manganites, polarons of dual nature have been found (magnetoelastic polarons).
In simple terms, the basic idea behind these is that the induced magnetic cloud around the
localized carrier deepens the potential well in which it is trapped and thus extends the degree
of localization. This results in a magnetic contribution to the hopping activation energy,
which, because of the particular characteristics of DE, depends on the misorientation between
the localized spins at the neighbouring sites between which the hopping process occurs. The
application of an external field or the onset of a positive mean field (ferromagnet) aligns the
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Figure 7. The linear relationship between the MR and the squared experimental magnetization at
different temperatures above and below TN.

local spins and thus reduces the magnitude of the activation barrier, which results in the drop
of resistivity.

Quantitatively, a model that accounts for the MR in manganites based on activated hopping
with additional barriers due to magnetic misalignment of the local moments has been developed
by Wagner and co-workers [53, 54], who expressed the new activation barrier as

W ′
i j = Wi j − α( �Mi · �M j ) (11)

where Wi j is the non-magnetic hopping barrier and Mi and M j are the local magnetization
vectors at both sites of the hopping process. The effective barrier is therefore enhanced for a
paramagnet or antiferromagnet but decreases for a ferromagnet. In the paramagnetic phase the

average ( �Mi · �M j ) can be approximated by the squared Brillouin function B whereas below an
ordering transition it is the Brillouin function itself that best describes the misorientation
of adjacent magnetization vectors and thus the average above (see [53, 54] for a formal
development of the model). Given that the application of an external magnetic field does
not affect the term Wi j , the drop in resistivity (i.e. the negative MR) is, in the limit W ′

i j � kT ,

proportional to ( �Mi · �M j ) and, therefore, to B2 and B above and below an ordering magnetic
transition respectively.

Solid lines in figure 7 represent the attempts to fit the experimental MR versus Bappl data
to the squared Brillouin function at different temperatures above and below TN for Ca4Mn3O10

leaving J , the effective magnetic moment, as the only varying parameter. The agreement is
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excellent for T > TN but fails below the transition. Note that the fit to B for T < TN (not
presented) yields an even worse fit to the experimental data than that to B2 in figure 7.

The quality of the fits above the transition confirms the current interpretation of electronic
transport in Ca4Mn3O10. The derived values of J (5.36 and 5.19 µB at 161 and 223 K
respectively), slightly larger than expected for a ferromagnetically coupled Mn3+–Mn4+ pair
(4.5 µB), are consistent with the idea that conduction involves the activated hopping of magnetic
polarons formed by a single localized carrier and its induced cloud of ferromagnetically
polarized neighbours. For the sake of comparison, an effective moment Jeff = 6 µB has
been reported for La0.97MnO3, for which the presence of small magnetic polarons is well
established [86].

Below TN, J increases to ∼7.2 µB at 61 K. However, the poor fit to the model prevents
us from reaching any conclusions as to the effect of the 3D AFM ordering in the size of the
polarons. It is worth noting that in this temperature range a squared Brillouin function still
provides the best, albeit deficient, description to the experimental data, in contrast to what is
predicted by the model. This seems to indicate that the conduction in the ordered state does not
differ significantly from that in the paramagnetic regime, which could be related to the fact that
2D AFM correlated regions develop at temperatures well above TN and transport occurs mainly
in the ab planes (from the value of ν in equation (2)). In this sense, it is interesting to mention
that MR ∝ M2 in the entire T range, pointing again towards a common origin for the effect.

Wagner’s B dependence of MR in the ordered state derives from the assumption that the
applied field has no influence over the Weiss magnetization, which may not be the case in the
present system, where we have shown [37] that a small net magnetization is induced by the
application of an external field. In fact, our analysis of the high temperature resistivity is based
on the assumption that DE occurs due to the canting of the magnetic sublattices rather than the
existence of local ferrimagnetism as proposed by Neumeier for CaMnO3 [19].

5. Conclusions

The results presented in this paper show that the activated nature of the electronic transport
in Ca4Mn3O10 results from the hopping of small polarons of dual magnetic-lattice character
formed around Mn3+ impurities left behind by the removal of oxygen. At high temperatures,
hopping occurs between neighbouring sites whereas below ∼100 K jumps beyond nearest
neighbours yield a Mott VRH-type resistivity. Above TN, transport occurs non-adiabatically
due to the small transfer integral.

The application of an external magnetic field produces a decrease in the activation energy
thus giving rise to a large negative magnetoresistance. The MR is proportional to the squared
magnetization over the entire temperature range studied suggesting a spin-dependent scattering
mechanism. Data above TN agree with a model given by Wagner and co-workers in which the
magnetic field-dependent energy barrier is a function of the average misorientation of local
magnetization vectors. However, this model predicts a linear dependence on B in the ordered
magnetic state below TN in contrast with our findings. The reason for this disagreement is not
yet clear. However, it could be related to the presence of a field-induced weak ferromagnetism
in the G-type ordered Ca4Mn3O10.
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