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a b s t r a c t

Electron spin resonance (ESR) and magnetization measurements were performed on a bilayered
single crystal of La1.1Sr1.9Mn2O7. A coexistence of anisotropic paramagnetic resonance (PMR) line
and ferromagnetic resonance (FMR) line was observed in a wide temperature range. Temperature
dependence of the ESR intensity reveals the competition between local ferromagnetic (FM) correlations
and antiferromagnetic (AFM) correlations in the PM state. The antiferromagnetic ordering transition was
identified from temperature dependence of resonance field and linewidth of the PMR line in both the ab
plane and c-axis directions. The observed FMR line suggests the existence of local intralayer FM clusters.
Below 200 K, the FMR line is found to be split and an opticalmode appears in addition to themain acoustic
mode, indicating the appearance of AFM correlation acrossMnO2 bilayers below the A-type AFM ordering
temperature TN .

© 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The discovery of colossal magnetoresistance (CMR) in bilayer
perovskite manganites La2−2xSr1+2xMn2O7 has attracted much
attention due to both the uniqueness in their physical properties
and their possible applications in magnetic recording, spintronic
devices, etc [1]. In this system, the bilayers of MnO2 are stacked
along the c axis separated by blocking (insulating) rocksalt-
type layers, leading to a quasi-two dimensional (2D) structure.
Due to the reduced dimensionality, the electronic and magnetic
properties of bilayered manganites are much different from
the well-studied ABO3 three-dimensional manganites. As the
doping concentration x increases, La2−2xSr1+2xMn2O7 exhibits a
particularly rich phase diagram and provides advantages for
investigating the anisotropic correlation among spin, charge,
lattice, and orbital degrees of freedom [2,3].
Electron spin resonance (ESR) is a powerful probe for the study

of both static and dynamic magnetic correlation in manganites.
Valuable information can be obtained regarding the interplay
of different interactions in the system through a study of the
temperature dependence of various ESR parameters, such as the
resonance field, peak-to-peak linewidth and resonance intensity.
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There has been anumber of reports on the ESR study inmanganites.
However, at present these studies are mainly focused on the
cubic ABO3 system, whereas little attention has been paid to the
bilayered manganites. There are only a few ESR studies reported
on several bilayered manganites such as the La1.35Sr1.65Mn2O7
(x = 0.325) ceramics [4], La1.2Sr1.8Mn2O7 (x = 0.4) single
crystals [5,6], and LaSr2Mn2O7 (x = 0.5) single crystals [7]. The
material with doping level at x = 0.45 has not been studied
by ESR within our knowledge. A detailed ESR study at x =
0.45 is important in order to understand the evolution of an
A-type antiferromagnetic (A-AFM) phase as a function of hole
concentration x in La2−2xSr1+2xMn2O7. For example, in x = 0.4
sample, the A-AFM spin correlation is very weak, whereas in x =
0.48 sample, a very strong A-AFM transition is observed at TN ∼
220K [8]. In the x = 0.45 sample, the neutron diffraction results [9]
show that the spin correlation is FM within the MnO2 bilayers
(i.e., the ab plane) and AFM across the layer (i.e., along the c axis)
with a canting angle≤ 180◦. And the A-AFM transition is observed
at TN ∼ 200K and ferromagnetic ordering occurs at TC ∼ 95K [10].
In this work, we report ESR and dc susceptibility results on a

La1.1Sr1.9Mn2O7 (x = 0.45) single crystal. An anisotropic paramag-
netic resonance (PMR) line and a ferromagnetic resonance (FMR)
line are observed. The competition between local ferromagnetic
(FM) correlations and antiferromagnetic (AFM) correlations in the
PM state was identified from the temperature dependence of the
ESR intensity. In addition, the FMR line was found to be split below
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Fig. 1. (color online). ESR spectra of La1.1Sr1.9Mn2O7 single crystal: (a) H//ab,
(b) H//c.

200 K which indicates the appearance of AFM interlayer coupling
below TN . The ESR study of this composition provides information
to understand the special properties of this bilayered system.

2. Experimental

The studied single crystal was grown by the floating-zone
method in an optical image four-mirror furnace with radiation
heating in an air atmosphere. X-ray diffraction measurement
on the powder shows no trace of any secondary phase. The
composition of the crystals is checked by inductively coupled
plasma atomic emission spectroscopy. The sample is plate-like in
shape with a size of 1 × 1 × 0.1 mm3. The largest plane is the ab
plane. The magnetization was measured using a superconducting
quantum interference device magnetometer (Quantum Design,
MPMS-7). The ESR experiments were carried out with a JEOL JES-
FA200 ESR spectrometer at X-band frequencies (v ≈ 9.4 GHz)
in temperature range from 100 to 350 K. The angular variation of
ESR spectra was recorded by rotating the sample from H//c axis to
H//ab plane.

3. Results and discussion

Fig. 1(a) and (b) show the ESR spectra recorded with H//ab
plane andH//c axis, respectively. At high temperatures, the spectra
include a broad, anisotropic paramagnetic resonance (PMR) line.
This PMR line persists over the whole experiment temperature
range. When the temperature is below 300 K, an additional
anisotropic ferromagnetic resonance (FMR) line appears for both
directions. This observed anisotropy of the FMR line was assumed
to be caused by the demagnetization field. Meanwhile, the existing
ferromagnetic clusters which are large enough can also cause such
anisotropy [7]. At about 200 K where an A-type AFM transition
occurs, the FMR line further splits into two lines. When the
temperature is below 140 K, the FMR signal in the c-axis direction
is beyond the measurement limits of the spectrometer and cannot
be recorded.
The spectra were analyzed by fitting to the asymmetric

Lorentzians line shape of the form:

dP
dH
=
d
dH

(
∆Hpp + α(H − Hr)
∆H2pp + (x− Hr)2

)
, (1)

where ∆Hpp is the peak to peak linewidth, Hr is the resonance
field, α denotes the dispersion-to-absorption ratio. Two or three
asymmetric Lorentzians were used to fit the experimental data at
Fig. 2. Temperature dependence of ESR intensity including both PMR line and FMR
line. The inset shows themagnetization product temperature T plotted as a function
of T .

various temperature ranges. The linewidth and resonance field of
the spectra were derived by fitting to Eq. (1). The intensity of the
ESR spectrum was calculated from the following expression I ∝
[∆Hpp]2Y ′, where 2Y ′ is the peak-to-peak derivative amplitude.
Fig. 2 shows the temperature dependence of the ESR intensity

including both PMR line and FMR line. For both directions, the
intensity increases dramatically with the decrease of temperature,
and shows a broad peak in the vicinity of TN ∼ 200 K. This behavior
is observed in other CO manganites as well [11,12], and it is
qualitatively consistent with the dc susceptibility data shown in
the inset of Fig. 2. Neutron scattering studies on La1.1Sr1.9Mn2O7
have shown that local FM spin correlations exist even in
the PM state at 288 K [9]. As temperature decreases to TN ,
the AFM superexchange (SE) interactions across the layers are
present and compete with FM double-exchange interactions. The
competition between two interactions leads to a broad peak in
the magnetization and ESR intensity near TN . Thus the broad
peak of the intensity is a sign of the competition of FM and AFM
correlations in the PM state with temperature close to TN .
The temperature dependence of linewidth ∆HPMRpp for the PMR

line is shown in Fig. 3(a). In the high temperature region, the
linewidth shows a weak temperature dependence. However, as
temperature is close to TN , the linewidth becomes obviously
broader and the anisotropy between ab and c directions increases
gradually. The anisotropy in the linewidth is attributed to the
easy-plane FM ordering, which also arises from the short-
range anisotropy [6]. The linewidth increases with decreasing
temperature has been seen in other layered manganites [6] and
some charge ordered ABO3 manganites [11,12]. Joshi et al. [12]
have explained this behavior in the model of motional narrowing.
The decrease in the linewidth with the increasing temperature
above TN was accompanied by a decrease in the resistivity as
well [13], which is due to the activated hopping of the charge
carriers. The hopping motion of these charge carriers involves the
spins along with them hopping from one site (Mn3+) to another
site (Mn4+) and averaging out of the interactions between Mn3+
and Mn4+ magnetic moment such as the Dzialoshinsky–Moriya
antisymmetric exchange interaction and crystal field interaction,
leading to a narrowing of the linewidth with the increase of
temperature.
Fig. 3(b) shows the temperature dependence of the resonance

field HPMRr for both directions. From 350 K down to TN ∼ 200 K,
HPMRr is nearly independent of temperature and shows strong
anisotropy. As temperature further decreases from TN , the PMR line
shifts significantly to higher fields with H//ab, and to lower fields
with H//c. Meanwhile, the anisotropy of resonance field between
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Fig. 3. Temperature dependence of the (a) linewidth ∆HPMRpp and (b) resonance
fields HPMRr for the PMR line. The arrows mark out the transition temperature.

the twodirections decreases dramatically. According to Ref. [6], the
anisotropy in the resonance field is proportional to magnetization
M . Thus the decrease of anisotropy in resonance field HA below
200 K is due to the decrease of magnetization with development
of AFM correlations below TN .
Below we focus on the additional FMR line. Fig. 4 shows the

angular dependence of the resonance field HFMRr of this FMR line
with H rotating from c axis to ab plane at 250 K. The variation
is remarkably close to ferromagnetic resonance arising from thin
platelets lying in the matrix. The sample dimension of the ab plane
is much larger than the c direction and could be approximated
by an infinite plate, thus the resonance field should obey the
equation [14](
ω

γ

)2
= (H cosα − 4πMeff cos θ)2

+H sinα (H sinα + 4πMeff sin θ) , (2)

where γ = gµB/h̄ is the gyromagnetic ratio, 4πMeff is the effective
magnetization, α is the angle of H with respect to the film normal,
θ is the inclination of the magnetization from the film normal and
given by

sin (θ − α)
sin θ cos θ

=
4πMeff
H

. (3)

The line obtained by fitting of experimental data with
theoretical dependencies following from Eqs. (2) and (3) is shown
in Fig. 4. The agreement is quite remarkable and a clear indication
of the FM nature of this line. The parameters γ and 4πMeff were
estimated by the fittingwith g = 2.02 and 4πMeff = 3.92 kOe. The
values of γ were found close to that of free electrons. The obtained
value of 4πMeff is similar to the reported in x = 0.4 samples.
The coexistence of PMR and FMR signals above TC (TN ) has

already reported in other bilayered manganites and has been
much discussed [4–7]. However, there are some discrepancies
in the interpretation of the origin for the FMR line. In the early
work performed on ceramics with x = 0.325 by Chauvet
et al. [4], this line was attributed to interlayer FM clusters of
fixed (microscopic) size. Instead, in some later publications [5–
7], this line was considered as FMR originating from intergrowths
Fig. 4. The angular dependence of the resonance field for FMR line at 250 K. The
solid circles are experimental data. The full line represents the resonance field
calculated from Eqs. (2) and (3).

of other parasitic phases undergoing FM transition. In our x =
0.45 sample, the emergence of FMR line may be attributed to
the local FM spin correlations within MnO2 layers because the
neutron scattering studies on x = 0.45 have proved that local
FM spin correlations exist in each MnO2 layer even in the PM
state at room temperature, and it further develops with lowering
T [9]. Recently, the observation of FM domain structure has
been reported in bilayered manganite probed by magnetic force
microscopy which shows that the FM domains are associated with
the FM fluctuation in-plane and evolves with temperature [15].
This kind of FM clusters could be also characterized in terms of
Griffiths phase which has been proposed both in many ABO3 [16]
and bilayered manganites [17] by means of ESR and magnetic
susceptibility measurement. However, the origin of intergrowths
cannot be excluded. To further investigate the origin the this
FMR signal, moremicroscopic measurements are required, such as
Transmission Electron Microscope (TEM) and ac susceptibility.
It is noted that the FMR line was split below TN = 200 K (seen

in Fig. 1). The splitting can be seen more clearly from Fig. 5. The
observed splitting feature of the FMR line has been observed in
other ABO3 manganites [18,19], where the splitting was attributed
to the magnetocrystalline anisotropy. This explanation is not
applicable to the present bilayered manganite because the FMR
line and its angular variation do not split above 200 K. The split
occurs just below the Néel temperature TN (∼200 K), which
indicates that the splitting is related to the AFM ordering. The
splitting of the FMR signal below TN has also been observed in
x = 0.5 samples with the AFM ordering and it is suggested to be
intrinsic to the system [7]. In fact the appearance of an additional
FMR line is similar to the FMR behavior of coupled FM layers
separated by nonmagnetic spacer layers [20,21]. In the coupled
layers there are two resonance modes: lower–frequency acoustic
mode and higher- frequency opticmode. If the interlayer exchange
coupling is FM, the optical peak appears at lower magnetic field
than the acoustic peak. On the contrary, the optical peak would
appear at higher fields if the exchange coupling is AFM. According
to this FMR theory, in our system, the main FMR line can be
considered as acoustic mode and the high-field additional FMR
signal (H//ab) should be considered as an antiparallel optical
mode, which indicates the appearance of an AFM interlayer
coupling across MnO2 bilayers. In addition, the separation of
the resonance field between the two resonance modes increases
with further decreasing temperature, suggesting that the AFM
interlayer coupling evolves with temperature. However, this
proposal of FMR theory used in this bilayered manganite system
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Fig. 5. (color online). Enlargement of FMR splitting in the spectra with H//ab. The
arrows mark out the additional FMR line.

might need further investigation including both theoretical and
experimental.

4. Conclusions

We have performed a systematic ESR study in a bilayered
La2−2xSr1+2xMn2O7 (x = 0.45) single crystal from 100 K to 350 K.
The spectra consist of a paramagnetic resonance (PMR) line and
a ferromagnetic resonance (FMR) line below 300 K. The spectra
show large anisotropy between the easy plane (ab plane) and hard
axis (c-axis). The temperature dependence of the ESR intensity
indicates a competition between local ferromagnetic correlations
and antiferromagnetic correlations in the paramagnetic state with
temperature close to TN . The origin of the FMR line was discussed
and it was attributed to local interlayer FM clusters. Below 200 K,
the FMR line is found to be split and aweak resonance peak appears
at higher fields of the main FMR line. This is due to the appearance
of an optical mode in the FMR and indicates the appearance of
antiferromagnetic correlation across MnO2 bilayers below TN .
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