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Magnon-mediated magnetoresistance in layered manganites
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We describe here a type of magnetoresistance that takes place in naturally layered and outstanding ordered
single phase manganites that may be mediated by magnon excitation. In particular, we show the effect for the
Ruddlesden-Popper compound, LaSr2 Mn2 O7 synthesized by ceramic method. This material exhibits, besides
the conventional colossal magnetoresistance, another type of magnetoresistance at low temperature, associated
with breaking of the A-type antiferromagnetic coupling of Mn-containing planes. Excitation of magnons or
application of a magnetic field breaks this antiparallel alignment so that some electrons, initially confined on
the planes, become itinerant along the interplain directions through a double exchange mechanism, giving rise to
resistance variations of the order of ∼60% for polycrystalline samples. The effect described here might be present
in other types of manganites exhibiting a natural layered structure, opening up the possibility of developing
magnetoresistive devices based on antiferromagnetic oxide materials without requiring artificial multilayered
structures.
DOI: 10.1103/PhysRevB.99.024403

Magnetoresistance (MR) is the key property for the development of spintronic devices, such as magnetic memories or
logic spin circuits. Among the different types of MR, giant
magnetoresistance (GMR) [1,2], based on the relative orientation of close magnetic layers, and colossal magnetoresistance
(CMR) [3], present in Mn-containing perovskites, provide
MR variations large enough to be used in those devices.
Nevertheless, the requirement to avoid heat dissipation by
Joule effect, the improvement and miniaturization of these
elements, and extending their use to the terahertz range are
pushing the research of other types of magnetoresistive systems based on pure spin currents [4]. In this field, the use
of magnons that may transport spin current without electrical
flow [5] and antiferromagnets that do not create stray fields
has led to important advances [6–8].
The Ruddlesden-Popper (RP) series, An+1 Bn O3n+1 , includes appealing materials due to the emergent phenomena
that appear in low-dimensional complex oxide materials and
the possibility to modify the n value in order to tune their
properties. Actually, the crystal structure of these phases can
be described from the ordered intergrowth between n (ABO3 )
perovskite (P) blocks and one (AO) rock-salt (RS) layer
[Fig. 1(a)], which introduces two-dimensional (2D) character
as well as new possible behaviors at these interfaces. In these
phases, magnetic properties are governed by the BO2 layers of
the P unit, leading to phenomena such as MR, superconductivity, and ferroelectricity, among others [9–12]. For instance,

*
†

luisarg@ucm.es
jgcalbet@ucm.es

2469-9950/2019/99(2)/024403(7)

the P layer can have ferromagnetic (FM) and metallic (M)
character while the RS one is insulating (I), leading to an
infinite stacking of FM-M/I/FM-M layers.
Regarding the MR properties of RP series, the n = 2
member, La2−2x Sr1+2x Mn2 O7 (x = 0.4), has been shown to
be FM-M below TC = 126 K, exhibiting large negative MR
above this temperature [13,14]. The observed negative MR
can be interpreted in a manner qualitatively similar to the case
of the n = ∞ compound, i.e., the P one, as a consequence
of the double exchange (DE) interaction between Mn3+ and
Mn4+ , leading to CMR. Nevertheless, it is worth emphasizing
a substantially better low-field MR when compared with the
three-dimensional (3D) perovskite. In this sense, the reduced
dimensionality of the Mn-O network, due to the insertion
of the RS layer, appears to dramatically enhance the MR
effect [13,14]. Actually, the change in dimensionality can
produce physical properties which strongly contrast with the
3D perovskite systems. In this case, the natural stacking of two
(La, Sr)MnO3 perovskite layers separated by one (La,Sr)O
layer forms the framework of tunneling structures and spin
valves in a single chemical phase able to exhibit tunnelling
MR (TMR) [14–16].
Most of the studies have been focussed on the influence
of cation substitution on structures and physical properties
of La2−2x Sr1+2x Mn2 O7 compounds [17], leading to the conclusion that their behavior is very sensitive to the lanthanide
(Ln) type, Ln/Sr ratio and ordering degree [12,18,19]. Regarding this point, notice the difficulty to stabilize pure highordered terms using chemical methods and its limitation to
develop new functionalities in this family. In this sense,
Battle et al. [19] have previously reported that attempts to
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FIG. 1. (a) Structural model corresponding to the n = 2 RP term
A3 B2 O7 (La = green, Sr = blue, Mn = pink, O = red). (b) HAADF
image along [110̄]. (c) Enhanced detail of (b) showing the atomically
resolved La, Sr, and Mn columns. (d) HAADF image of the selected
area for spectrum image analysis. (e) HAADF image of the region
of interest recorded at the same time as the EELS data set acquisition. (f) EELS spectral sum acquired over the area marked in (d),
showing the La-M4,5 , Sr-L2,3 , Mn-L2,3 , and O-K edges. Chemical
maps obtained from (g) La-M4,5 , (h) Sr-L2,3 and (i) Mn-L2,3 edges.
(j) Mn-L2,3 edge of the sample in comparison with reference samples
containing Mn2+ , Mn3+ , and Mn4+ .

prepare LaSr2 Mn2 O7 lead to, at least, two different chemical
phases: an antiferromagnetic (AFM) majority one (81%),
Sr2.04 La0.96 Mn2 O7 (TN ∼ 211 K), and a FM minority one
with the Sr1.8 La1.2 Mn2 O7 composition (TC ∼ 126 K). Even
more, in most cases, disordered intergrowths between the
basic unities have been reported [19]. As a consequence,
their electric and magnetic behavior is modified leading to an
apparent discrepancy in the properties of both polycrystalline
materials and thin films. The presence of intergrowths has
also been shown in thin films prepared by molecular-beam
epitaxy [12,20,21], requiring the use of sophisticated characterization techniques, such as synchrotron x-ray scattering and
high resolution scanning transmission electron microscopy,
to ascertain the achievement of defect-free thin films. Nevertheless, we have recently shown [22] how using the ceramic
method, with a very slow cooling process, it is possible
to stabilize bulk La0.5 Ca2.5 Mn2 O7 as crystalline particles of
several microns in size without extended defects or disordered
intergrowths. In this sense, the control of defects and ordered
cation distribution at atomic scale in the layers constituting RP
phases could promote the appearance of emerging phenomena
and tuning of the material properties.
In order to shed light on the complex behavior of these
RP systems and to distinguish intrinsic effects from those
due to the presence of defects, we focused on the system
La2−2x Sr1+2x Mn2 O7 , which displays interesting features near
half doping (x = 0.5), where long-range orbitals and CE-type
orbitals and charge order (CO) are predicted [23]. For that
composition, it has been commonly accepted that the CO state

is reentrant. It appears below ∼220 K. With further decreasing
temperature, the CO state diminishes and the A-type AFM
phase appears at 170 K. Finally, the CO state collapses below
50–100 K [17,24–28]. In this bilayer manganite, coexistence
of CE order and A-type AFM, between 100 and 200 K,
is also universally reported. It is worth recalling that in an
A-type AFM structure Mn atoms are FM coupled within
P layers parallel to the ab plane, these layers being AFM
coupled along the c direction. Consequently, the conductivity
on this type of materials is highly anisotropic: the system
allows electrical conduction within the Mn-containing planes
but it is an insulator in the perpendicular direction. In this
bilayered manganite, coexistence of CE order and A-type
AFM between ∼100 and ∼220 K is universally reported
[17,24–28]. However, at low temperature, most of the authors
describe only an A-type AMF phase [29] whereas for a
minority the CE-type order is the low-temperature ground
state and reentry only occurs for small inhomogeneities in
cation or oxygen composition [26]. The coexistence of CEtype order and A-type AFM at low temperature has also been
described [30]. According to these controversial results, the
motivation of this paper is based on the stabilization of a wellordered LaSr2 Mn2 O7 material following an alternative and
simple synthesis pathway. Since physical properties are very
sensitive to both elemental composition and subtle structural
changes, a comprehensive understanding of these features
requires precise chemical and crystallographic knowledge. In
this sense, LaSr2 Mn2 O7 crystalline particles have been chemically and structurally characterized for the first time at the
atomic level using aberration corrected electron microscopy.
Once the single and ordered phase is verified by diffraction
techniques and atomic resolution electron microscopy, the
peculiar electric behavior is reported in order to provide a
reasonable explanation of the dramatic thermal increase of the
conductivity at low temperatures.
We here describe a MR effect in RP series associated with
the control of current flow between Mn-containing planes
AFM coupled. The MR can be mediated by thermal excitation of magnons that breaks the antiparallel alignment of
Mn-containing layers allowing electrical conduction by DE
mechanism.
In order to shed light on the complex behavior of this compound and to separate intrinsic effects from those due to the
presence of defects, LaSr2 Mn2 O7 micrometric particles were
synthesized by ceramic method with an ultraslow quenching
method [31]. The sample consists of monocrystalline micrometric particles the average composition of which is in agreement with the nominal one [32]. Neutron-diffraction (ND)
study [33] of LaSr2 Mn2 O7 , at room temperature, confirms
the stabilization of a single phase which can be indexed
on the basis of a tetragonal cell (SG I4/mmm) and lattice
parameters a = 3.8730(1) and c = 19.995(1) Å [34,35]. In
order to obtain a more comprehensive view of the structural and compositional features, related to short-range orderdisorder phenomena, an exhaustive characterization at atomic
resolution, using high angle annular dark field (HAADF)
imaging and electron energy-loss spectroscopy (EELS), was
performed (Fig. 1) [36].
The HAADF image in Fig. 1(b) shows a well-ordered
distribution of atomic columns with periodicities of 0.39 and
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2.04 nm, characteristic of a n = 2 RP term, in agreement
to ND. Besides this information, the image provides compositional information since the contrast of atomic columns
is related to the atomic number (Z). The brightest contrast
corresponds to the heavier cations, i.e., La (Z = 57) and
Sr (Z = 38), while the less bright is due to Mn (Z = 25).
Furthermore, the HAADF image clearly reflects that the A
sites (An+1 Bn O3n+1 ), corresponding to the P (ABO3 ) and RS
(AO) unities, exhibit different brightness. This must be related
to different A site occupation, i.e., La and Sr. According to Z,
La and Sr would be preferentially distributed over the central
site of P and RS blocks, respectively, as represented in the
enhanced image detail in Fig. 1(c). In order to confirm this
cationic distribution, an atomically resolved EELS study was
performed [Figs. 1(d)–1(i)]. The HAADF image recorded simultaneously to EELS acquisition and the corresponding sum
spectra are depicted in Figs. 1(e) and 1(f), respectively. The
resulting chemical maps, for each individual signal, are shown
in Figs. 1(g)–1(i), indicating that Mn is always located at the
B sites of the P lattice, La at the A sites of P blocks, and Sr
at the A sites of the RS layers. This well-ordered distribution,
both in terms of crystallography and composition, is probably
due to the very slow cooling process performed as previously
described in the synthesis of the related La0.5 Ca2.5 Mn2 O7
compound [22].
On the other hand, Mn3+ and Mn4+ oxidation states [36]
coexist in agreement with the nominal composition (50%
Mn4+ and 50% Mn3+ ). Figure 1(j) shows a representative
Mn-L2,3 signal of the LaSr2 Mn2 O7 sample, compared to
the standards for Mn4+ (Ca2 Mn3 O8 ), Mn3+ (LaMnO3 ), and
Mn2+ (CaMnO2 ). Details of the synthesis conditions of the
standards are described in [37–39]. The relative intensity of
the Mn-L2 and Mn-L3 white lines also supports the presence
of both oxidation states [36]. For completeness, the oxygen
sublattice has also been visualized using annular bright field
(ABF) technique [36], being in agreement to the characteristic
distribution of the oxygen atoms at the octahedral sites in RP
n = 2.
The magnetic and electric characterization of the sample is
summarized in Fig. 2. Measurements are in agreement with
previous reported data [24–30,40–43]. However, as far as we
know, no explanation concerning the peculiar electric behavior at low temperature has been reported. Electrical resistivity
[Fig. 2(a)] exhibits an initial decrease as the temperature increases from 5 to 60 K. Subsequently, the resistivity increases
reaching a maximum at about 160 K, and then decreases down
to almost zero at room temperature. The resistivity in presence
of an 8-T magnetic field presents the same trend but with
reduced values of resistivity in the whole range of temperatures. MR shown in Fig. 2(b) decreases with temperature,
exhibiting a plateau between 80 and 120 K and a sharp peak at
about 230 K. Magnetization measured in field cooled (FC) and
zero-field cooled (ZFC) conditions [Fig. 2(c)] presents a weak
dependence on temperature up to 160 K, where both curves
collapse and drop to zero at 300 K. The magnetization curve
at 5 K [Fig. 2(c) inset] exhibits a hysteresis loop that saturates
at about 1-T field, plus a linear component. Finally, Fig. 2(d)
presents the dependence of the MR with the magnetic field,
which is maximum at zero field and tends to become a cusp
point as the temperature decreases. A remarkable value of
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FIG. 2. (a) Resistivity obtained on heating (up) and cooling
(down) in zero field and under a field of 8 T. (b) Magnetoresistance
under 8 T. (c) Magnetization in zero field and field conditions as a
function of temperature under 1000 Oe. Inset: Field dependence of
the magnetization at 5 K. (d) MR measurements as a function of
applied magnetic field at 5, 150, and 300 K.

82% of MR is obtained at 5 K. Additionally, the magnetic
structure at low temperature (3 K) has been determined by
ND study, showing an A-type AFM phase [44] in agreement
with previous reported works [19,20]. This result is apparently
contradictory with the observation of a hysteresis loop at 5 K
shown in the inset in Fig. 2(c).
The origin of the electric and magnetic behavior that we
found in the range 60 to 300 K is similar to that previously
described in the literature for other Mn related layered perovskites. According to that, the simultaneous coexistence of
FM, AFM, and CO correlations determines the transport and
magnetotransport properties.
The increase of resistivity above 60 K [Fig. 2(a)] corresponds to the development of a CO state, leading to a
maximum of resistivity at 160 K [30,40]. The subsequent decrease of resistivity when increasing temperature reflects the
disappearance of the CO state, whereas the local maximum of
MR at 230 K indicates the signature of typical CMR, pointing
out that some FM order within the perovskite planes remains
up to this temperature. Therefore, it turns out that 230 K
is the Curie temperature corresponding to the interplane DE
coupling [28] as confirmed by the collapse of the ZFC-FC
curves in Fig. 2(c).
Although the significant decrease of resistivity and MR
in the range 5 to 60 K has been observed in samples prepared with different techniques, its origin has not been yet
established [30,41–43]. The fact that these features have been
observed in a sample with outstanding crystallographic and
compositional order, achieved with the ultralow cooling process, points out that it is not due to segregation of secondary
phases nor disorder but intrinsic of the material.
The observed dependence of resistivity with temperature
in the range 5–60 K is opposite to that typical of metals
for which resistivity increases with the temperature [44]. In
contrast, a decrease of resistivity with temperature is found
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in semiconductors and similar systems where the increase
of temperature generates carriers [45]. In those materials,
increasing the temperature provides the thermal energy to
delocalized charges, increasing in this way the number of
carriers and consequently reducing the resistivity. However,
for this mechanism, the presence of a magnetic field is irrelevant while we observe that for our system the application
of a magnetic field produces also a significant decrease of
resistivity discarding this carrier-generation mechanism. In
particular, as shown in Fig. 2(a), application of an 8-T field
has the same effect as increasing the temperature up to 25 K.
Since the effect of the field is to promote DE conductivity
by breaking the perfect AFM order, it can be inferred that a
similar mechanism appears by increasing the temperature. As
is well known, magnons are collective deviations of the spin
orientations at each AFM sublattice that are thermally excited
[45]. Therefore, the effect of heating, in a similar fashion to
the applied field, may be to destroy the perfect AFM, giving
rise to the possibility of DE electron jumping.
As thoroughly described, LaSr2 Mn2 O7 corresponds to RP
series with two P sheets separated by a RS layer. At low temperature, the P planes are internally FM coupled and exhibit
electrical conductivity within the plane. However, adjacent P
layers are AFM coupled, leading to large electrical resistivity.
Thus, for polycrystalline samples with randomly oriented
particles (as those studied here), the electrical resistivity will
arise mainly from those regions in which the electrical current
must flow perpendicular to the P layers [46]. Consequently,
the large variations of resistivity that are observed upon temperature increase or application of a magnetic field must be
related to the changes in conductivity between those layers
AFM coupled.
In the case of Mn related perovskites, the effect of the
magnetic field in electrical conductance is well known. The
electrical conduction in these FM materials takes place by
DE between Mn3+ and Mn4+ atoms with parallel magnetic
moment and separated by O atoms. This is described by the
Zener model [47,48] for which the conductivity is given by
 
xe2 tij cos α2
(1)
σ =
ahKB T

FIG. 3. Model layout of thermal and magnetic dependence of
resistivity. At 0 K and in absence of magnetic field, the Mn atoms of
adjacent planes are antiparallel (α = π ). (a) Application of a magnetic field tends to align the magnetic moment of Mn atoms with H
reducing their relative angles and allowing electrical conduction. (b)
Increasing the temperature generates magnons that yield a dephasing
between magnetic moments of adjacent planes, allowing electrical
conduction. (c) Schematic representation of Mn magnetic moment
corresponding to T = 0, H = 0 (left) and T = 0 (or H = 0) (right),
inserted in RP structure.

where x is the concentration of Mn4+ available for hopping,
tij is the hopping integral, α is the angle between the magnetic
moment of the Mn3+ and Mn4+ atoms in adjacent planes,
and a is the lattice constant. It should be noted that tij is the
average hopping integral corresponding to tunneling between
adjacent planes and tunneling through the RS-like barrier.
In absence of magnetic field, the AFM alignment between
Mn atoms (α = π ) of adjacent planes prevents electrical
conduction (σ = 0) as shown in Fig. 3. Upon application of
a magnetic field, the magnetic moments of Mn atoms tend
to align with the field in order to reduce the Zeeman energy, thus breaking their perfect antiparallelism and allowing
some electrical conduction (σ = 0). Increasing the temperature
promotes the appearance of magnons that will propagate
in all directions, including that perpendicular to the AFM
planes. These magnons break the antiparallel orientation of
the magnetic moments of Mn atoms from the AFM planes
as Fig. 3 shows. In this situation (α = π ) and, according to

Eq. (1), some electrical conduction will be permitted (σ = 0).
As the temperature increases, the density of magnons also
does, leading to smaller values of the angle between magnetic
moments of Mn atoms, and therefore reducing the resistivity
as experimentally observed.
The observation of this effect requires an outstanding order of cation distribution as that achieved with the ultralow
quenching method. Segregation of La or Sr would induce
clustering of Mn3+ /Mn4+ obstructing conduction via double
exchange [22].
The proposed mechanism is, in some sense, equivalent to
GMR, as the conductivity depends on the relative orientation
of magnetization of two magnetic regions [1,2]. However,
in our case, the regions are two adjacent MnO2 perovskite
monolayers confined by RS layers without a physical barrier
and no reversal of magnetization in one of the layers is required. This particularity means that the observed MR can be
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FIG. 4. Diagram of magnetic moments (red arrows), AFM
aligned, precessing with angle θ and with dephasing ϕ between them.
For clarity, both magnetic moments are placed at the origin.

also thermally excited: the magnons break the antiparallelism
between the planes, allowing some conduction.
In presence of magnons propagating along the direction
perpendicular to two Mn atoms in adjacent planes AFM coupled, both magnetic moments will be precessing as illustrated
in Fig. 4. The excitation of magnons leads to a precession of
the magnetic moments with an angle θ with respect to the
ground AFM state, and the wave vector of the magnon induces
a dephasing between the magnetic moments of adjacent Mn of
an angle ϕ. The angle θ is proportional to the root square of
the density of 2D FM magnons excited in the ab planes. For a
2D system, the density of FM magnons is proportional to the
temperature [49] and, consequently, θ is proportional to T1/2 .
Then, the angle between the magnetic moments is
α = π − ψ = π − θ · ϕ.

(2)

The angle ϕ corresponds to the dephasing between magnetic moments of adjacent Mn atoms separated along the
c axis, induced by excitation of AFM magnons. This angle
is also proportional to the root square of the number of
magnons. For a one-dimensional antiferromagnet the number
of magnons is proportional to T and, thereby, ϕ ∝ T 1/2 [49].
Thus, for small magnetic excitations (i.e., the lowtemperature regime) the component of the hopping transfer
integral between i and j ions is given by




α 
π −θ ·ϕ
θ ·ϕ
tij cos 2 = tij cos
= tij sin
≈ tij γ T
2
2
(3)
γ being a constant. The transfer integral should correspond to
the average corresponding to P and RS layers.
However, in our case, the AFM order corresponding to
the ground state renders impossible any jump. It is the temperature itself by means of the magnons that promotes the
availability. Therefore x should be substituted by xcos(α/2):
  2
xe2 tij cos α2
xe2 tij γ 2 T 2
xe2 tij γ 2 T
σ =
=
=
. (4)
ahKB T
ahKB T
ahKB
Hence, for the low-temperature range, the linear dependence of the conductivity σ with temperature given by [5]
yields for the resistivity the following dependence:
ρ0
(5)
ρ= .
T
The resistivity within the Mn-containing plane will depend
weakly on the temperature in this range, and therefore for

FIG. 5. Experimental thermal dependence of the electrical resistivity in the range 5 to 50 K and fit to Eq. (6) with the parameters
indicated in the figure.

polycrystalline samples the total resistivity will be given
by
ρ=

ρ0
+ C.
T

(6)

Figure 5 shows the experimental dependence of the resistivity with temperature in the range 5 to 50 K and the
fit to Eq. (6). This behavior is representative of all samples
analyzed in this paper: the evolution of the other four samples
is identical to the one shown here and is not included in Fig. 5
for clarity. As it can be seen, there is a good match between
both curves up to 25 K, where, according to Fig. 2(a), the onset
CO state gives rise to a different thermal behavior. This model
allows also explaining the apparent discrepancy between the
ND studies at 3 K with the observation of a hysteresis loop
measured at 5 K. In absence of applied magnetic field and at
low temperature (3–5 K), the system exhibits AFM detected
by ND. However, the weak AFM exchange between planes
in the A-type AFM can be overcome by a moderate field of
the order of 1 T (or by a temperature increase), leading to
the observation of a hysteresis loop due to in-plane FM of the
A-type AFM phase.
When a magnetic field is applied along the c axis, the
Mn spins would rotate from the initial rotation following the
relationship
   μ0 MS
cos α 2 =
H = χH
2K

(7)

where K is the magnetic anisotropy and Ms is the saturation
magnetization of the FM ab planes and H is the average
value of the applied field along the c axis (which for a
polycrystalline sample with random orientation is 0.5Happlied ).
Therefore, for a small variation of T the transfer integral
between i and j ions becomes
 
tij cos α 2 = tij [aT + χ (T )H ].
(8)
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Hence, the Zener conductivity
  2
xe2 tij cos α2
xe2 tij [aT + χ (T )H ]2
=
σ =
ahKB T
ahKB T
=

xe2 tij [a + m(T )H ]T
ahKB

(9)

where
m(T ) =

χ (T )
.
T

(10)

Then, the resistivity can be expressed as
ρ=

ρ0
.
T + b(T )H

(11)

According to this equation, resistivity diverges to infinite
as T, H→0. This is in agreement with the experimental results
shown in Fig. 2(d): for low temperatures, the MR curve shows
a cusp point at H = 0.
Further quantitative confirmation of the proposed model
can be obtained by comparing the energy provided by the
temperature and magnetic field and their effect on the electrical resistance. From Fig. 2(a), at 5 K, the application of an
8-T magnetic field yields a reduction of the electric resistivity
from 6 to 2.1  cm. The same reduction of 65% is achieved
increasing the temperature ∼20 K. The average magnetic
moment per Mn atom for a mixture of 50% Mn3+ and 50%
Mn4+ is 3.5 μB . Hence, application of an 8-T field provides
a Zeeman energy of EZ = 3.5 μB , B ∼ 1.62 meV. Similarly,
increasing the temperature 20 K provides thermal energy of
about KB T ∼ 1.72 meV. This estimation points out that for
the same energy provided by thermal excitation or application
of magnetic field the reduction of the resistivity is of the same
order, confirming that, in both cases, the mechanism provides
the energy required to overcome the AFM coupling between
adjacent planes, allowing then electrical conduction by DE
mechanism.
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