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The left-handed features of Sr doped manganite lanthanum ceramics La0.775Sr0.225MnO3 in the

vicinity of its Curie temperature are studied. The left-handed features are responsible for

appearance of the additional transparency peak in the forbidden band of the photonic crystal

bounded with the above manganite. The magnitude of the critical exponent b (b� 0.50)

determined in the work agrees with results reported in the literature and allows supposing that

long-range interactions play an important role in the phase transition from conductive

ferromagnetic to nonconductive dielectric paramagnetic state of the manganite in its Curie point.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4705729]

Interest to studies of left-handed media1–3 is provoked

by possible potentiality of their application in a number of

modern technologies: nanotechnology, high frequency tech-

nologies of electron-controllable devices for GHz and THz

bands. As about extra high frequency (EHF) band one of the

most promising substances is Sr doped manganite of lantha-

num La0.775Sr0.225MnO3 with perovskite structure.3,4 At defi-

nite conditions3 in microwave frequency band, this

substance behaves as left-handed medium. In particular, the

backward wave appears in this frequency band. If such sub-

stance is placed at the boundary of photon crystal (PC), a

known Tamm peak appears in the forbidden band of the

crystal accompanied with a new transmission peak, so named

double negative peak (DNG peak3), the last is connected

with transition of the doped manganite to transparent left-

handed state.

We have already studied11 in details the DNG state in

La0.775Sr0.225MnO3. Namely, it was shown that at a wide fre-

quency band (f< fp), the permittivity is negative and is

described by Drude-like formula e ¼ 1� f 2
p

f 2, where

fp¼ 40.95 GHz. It was also illustrated that a special type of

refraction characteristic for left-handed media exists in DNG

state. This refraction is characterized by negative refractive

index and consequently the permeability is also negative.

Therefore, effective permittivity and permeability of such

medium become negative at these conditions. The negative

permeability of the ferromagnet is known to appear in the vi-

cinity of the ferromagnetic resonance (FMR), so the fre-

quency of the double negative peak is close to FMR

frequency and depends in particular from the saturation mag-

netization of doped lanthanum manganite. This enabled us to

obtain the temperature dependence of the magnetization in

the temperature range 270–400 K, where phase transition5,6

from metallic ferromagnetic to dielectric paramagnetic state

takes place. The magnitude of the critical exponent b (b �
0.50) determined in the work agrees with results reported in

literature and allows supposing that long-range interactions

play an important role in the phase transition from conduc-

tive ferromagnetic to nonconductive dielectric paramagnetic

state of the manganite in its Curie point.

The experimental method was described in details in

Refs. 3 and 6. Here, we dwell only on some special features

important for our problem in consideration. The one dimen-

sional photonic crystal (1D PC) is built from eight double

cells. Each cell consists of teflon (eT¼ 2.06, dT¼ 1.1 mm

thick) and quartz (eQ¼ 4.5, d¼ 1.9 mm thick) layers.

The material La0.775Sr0.225MnO3 has a perovskite crystal

structure.5 A special feature of the material is the phase tran-

sition from ferromagnetic metal to paramagnetic dielectric

state. The temperature of the phase transition (the Curie tem-

perature TC) depends on dopant concentration and can be

changed with this concentration. In the considered here ce-

ramic specimen of La0.775Sr0.225MnO3 TC is above the room

temperature (TC¼ 350 K).7,8 Note that so high TC is very im-

portant for many practical applications of the substance.

We used the studied substance La0.775Sr0.225MnO3 as a

boundary3 (boundary interface) of the PC. The whole struc-

ture was embedded in the single-mode 8 mm waveguide. Pa-

rameters of the PC were calculated according the known

method3,6 in order that its forbidden band lies in the interest-

ing frequency range 20–37 GHz and the transition peak

(Tamm peak) was approximately in the middle of the forbid-

den band.

Representative transmission spectrum recorded for the

studied system of photonic crystal bounded with

La0.775Sr0.225MnO3 contains two peaks (e.g., see Fig. 2(c) in

Ref. 3). The first is a Tamm-peak, which corresponds to sur-

face oscillations—electromagnetic analog of electron Tamm

states in metal.3,6 The frequency of Tamm-peak does not

depend on external magnetic field oriented parallel to

the plane of manganite plate (normal to PC axis). In

addition, the second peak exists in the spectrum. This peak,3

known as a DNG-peak, is formed in the frequency region

where both permittivity and permeability of the boundary
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medium—manganite-perovskite—become negative. This

peak corresponds to existence of the backward wave in the

left-handed boundary medium.

It is important that the DNG-peak changes its position

sideways to higher frequencies when the external magnetic

field increases. The change is practically linear and depends

on the temperature. In particular, the dependence fDNG(H)

moves to high frequency side as the temperature increases.

When the temperature T¼ 350 K is approached, the DNG-

peak intensity decreases sharply in its vicinity and at

T> 350 K the DNG-peak disappears practically completely

(Fig. 1(a)).

The observed behavior evidently follows from the

fact3,7,8 that at temperatures below TC¼ 350 K, a specimen

of La0.775Sr0.225MnO3 is a metallic ferromagnet (Fig. 1(b)),

but above TC it converts into the phase of paramagnetic

dielectric.9,10 It is evident that in paramagnetic phase the

appearance of left-handed properties of the substance is

excluded.

As it was shown in Refs. 3 and 11, the DNG-peak

appears in ferromagnetic manganite-perovskite specimen at

definite values of magnetic field, which corresponds to nega-

tive permeability of the substance.

In turn, negativity of the permittivity is connected with

metallic conductivity of the specimen Drude-like model. As

about negativity of permeability, it was stated above, that it

occurred in the field region above FMR-peak for the fields

which exceeds the FMR resonance frequency.

Therefore, as the magnetic field increases, the frequency

of the DNG-peak (together with the frequency of the FMR-

peak) moves to the region of higher frequencies (Fig. 2(a)

(Ref. 11)). The FMR frequency is determined by well-

known Kittel formula, which connects resonance frequency-

field characteristics of magnet with its parameters:

hfres ¼ gb
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HresðHres þ 4pMSÞ

p
; (1)

where fres is the resonant frequency, h is the Plank constant,

Hres is the resonant field, g is the factor of spectroscopic

splitting, and Ms is the saturation magnetization. As the tem-

perature increases and approaches the Curie temperature, the

value of saturation magnetization Ms decreases. In this case,

the FMR-peak and simultaneously the DNG-peak move to

the region of higher magnetic fields. Resonance frequency-

field curves also move to the region of higher fields. Near the

Curie temperature, the magnetization tends to zero and the

position of resonance frequency-field curves cease to depend

FIG. 1. (a) The typical dependence of peak intensity on the temperature for

some given field value (H¼ 6530 Oe). (b) Temperature dependence of the

magnetization of La0.775Sr0.225MnO3 specimen: open circles—the magnet-

ization of the specimen determined with the help of the DNG-peak; trian-

gles—the magnetization determined with independent method; closed

circles—the field position of the DNG-peak.

FIG. 2. (a) FMR absorption peak (black solid line) and the DNG peak at the

same field values (red dashed line). (b) The positional relationship of both

peaks for various frequencies. The DNG peak is always situated at the right

(high-frequency) side of the FMR peak, where the real part of permeability

is negative.
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on the temperature. Besides as the specimen converts to the

paramagnetic state, its permeability becomes positive for

any field in the vicinity of the magnetoresonance peak.

Therefore, the conditions of manganite-perovskite left-

handed properties are violated at T> TC. Note here that non-

zero value of conductivity of the boundary interface of the

photonic crystal (in our case of the specimen under study)2 is

the condition of the Tamm-peak existence, consequently af-

ter the phase transition the Tamm-peak also disappears.

Based on data of Fig. 1(b), we can estimate the values of

saturation magnetization of the specimen. We should take

into account that the experimental frequency of the DNG-

peak belongs to high frequency wing of the FMR-peak and

exceeds the central frequency of the FMR-peak by approxi-

mately half of the linewidth (dH) of FMR-peak. From inde-

pendent FMR measurements, we obtain the value of this

magnitude to be equal to dH� 600 Oe. Extracting from the

field corresponding to the value of DNG-peak (Fig. 1(b), the

closed circles), we obtain the value of the FMR field (Fig.

1(b), the open circles). Then with the help of Kittel formula

(1), we can determine the value of saturation magnetization

entering the formula and corresponding to given

temperature.

Some details concerning the measured relative positions

of the FMR and the DNG peaks should be mentioned here

(see Figs. 2(a) and 2(b)).

The magnetization determined with the help of the

DNG-peak was then compared in the same temperature

range with the saturation magnetization of the specimen of

Sr doped lanthanum manganite La0.775Sr0.225MnO3. We

recorded the FMR-peak for the specimen and then using

Kittel formula, we determined the value of the saturation

magnetization. The temperature dependence of the magnet-

ization is shown in Fig. 1(b) with triangles. As can be seen

from this figure, the values of the saturation magnetization

determined with two methods (using the DNG-peak and the

FMR resonance) are in close agreement. This makes it possi-

ble to suggest about the FMR frequency corresponding to the

DNG-peak and consequently about left-handed medium

existing in the system under consideration.

Note that errors in the data obtained from the DNG peak

field-position increase as the temperature tends to TC. This

takes place because the amplitude of the DNG peak

decreases drastically in this temperature range (see Fig.

1(a)).

According to the literature, the temperature dependence

of magnetization near the Curie point has the form

M ¼ ð1� T=TCÞb �M0, but the magnitude of the critical

index b depends on the state of strontium doped lanthanum

manganite: for the monocrystal12 this exponent equals b
� 0.37 (the model of Heisenberg) while for the polycrys-

tal13,14 b � 0.5 (closely agree with the mean-field model). In

our case of doped ceramic manganite specimen as can be

seen from Fig. 3, the critical exponent b is close to 0.50.

Therefore, the behavior of our specimen at magnetic phase

transition is close to the behavior of polycrystal, for which

the effective mean-field approximation is valid. As it takes

place for the polycrystal, the significant role of long-range

interactions can also be the reason for such behavior of ce-

ramic manganite. Note that in the lanthanum manganite, the

phase transition in its Curie point is accompanied also with

the phase transition in electron system: the metal-insulator

transition at the Curie temperature.

To conclude, we state that obtained experimental find-

ings concerning magnetization of doped manganite-

perovskite La0.775Sr0.225MnO3 support the conclusion about

left-handedness of its electrodynamical properties in the

millimeter wave band.

From the analysis of experimental data it follows also

that:

1. temperature dependence of the magnetization obtained

from DNG-peak frequency position is characteristic for

the transition ferromagnet-paramagnet near the Curie

temperature TC;

2. intensity of the DNG-peak decreases sharply near

the Curie temperature and disappears above this

temperature;

3. values and temperature dependence of the magnetization

determined with the DNG-peak agree closely with the

magnetization determined by the FMR method. The fact

suggests that the negativity of the permeability at fre-

quencies corresponding to the DNG-peak and supports

once more the left-handed properties of the given Sr

doped lanthanum manganite;

4. temperature dependence of the magnetization in the vi-

cinity of Curie point suggests the conclusion that the

mean-field approximation is true for ceramic specimen

of Sr doped lanthanum manganite.
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