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We report on the electromagnetic (EM) properties in high-frequency domain (HF) of multiferroic

Bi2FeCrO6 (BFCO) thin films. The films were epitaxially grown on SrTiO3 substrates by pulsed

laser ablation. Typical 50 nm-thick BFCO films having both (111) and (001) orientations were

investigated. The films exhibit systematically deep EM absorbance narrow bands, localized in the

HF X-band domain, with an attenuation reaching as high as j�24j dB. The magnitude and the shape

of EM absorption depend on the crystal orientation of the film. BFCO thin films show a promising

potential for microwave application as specific frequency bands notch filters. VC 2011 American
Institute of Physics. [doi:10.1063/1.3657528]

The absorption and interference shielding of electromag-

netic (EM) waves are important issues for commercial and

military applications. The importance of electromagnetic in-

terference (EMI) shielding has also increased in the last dec-

ade in the electronics and telecommunication industries due to

widespread use of densely packed highly sensitive electronic

devices.1,2 The technology is based on materials that can

absorb EM radiation and convert it into heat or make EM

waves vanish by interference.3 Recent increases in demand

for faster, lighter, and more cost-efficient smart miniature

devices operating in the GHz EM range,4 make some tradi-

tional thicker-microwave absorbing material (MAMs) too

bulky to be useful in such small device designs. Therefore, the

demands to develop thinner and more effective MAMs are

ever increasing. Electromagnetic properties depend on mag-

netic or dielectric parameters such as permeability, permittiv-

ity, and loss constants.5 An efficient complementarity between

these parameters, i.e., good EM match, is usually needed to

achieve excellent (i.e., high reflection loss) EM absorption.6

Extensive investigations recently focused on developing mate-

rials with high EM matching, among which, carbon nanotubes

CNTs/CoFe2O4,7 and Ni(C) nanocapsules.8 Although these

core-shell nanocomposites demonstrated a good EMI, their

high density, low EM absorbance, and complex fabrication

processes have hampered their integration in practical applica-

tions, such as stealth defense system.9

Multiferroic oxides, in which ferroelectricity and mag-

netic order coexist,10 possess tunable conductivity, making

them promising candidates for microwave applications as

thin film absorber materials. In addition, the film fabrication

process of these materials is well established and can be sim-

ply obtained by various techniques, including chemical

vapour deposition (CVD), magnetron and radio-frequency

sputtering, and pulsed laser deposition (PLD).

In this letter, we report on the microwave absorption

properties of multiferroic Bi2FeCrO6 (BFCO) double perov-

skite films epitaxially grown on SrTiO3 (STO) substrates.

The observed high EM absorption of BFCO thin films in

high-frequency domain (HF) represents an interesting alter-

native material for microwave related applications.

BFCO films were grown by PLD on (001) and (111)-

oriented STO substrates as in Refs. 11 and 12. This leads to

epitaxial and single phase BFCO films,13 as confirmed by x-

ray diffraction (XRD) (cf. Fig. 1). In both cases, the h� 2h
XRD plots showed only reflections corresponding to the pseu-

docubic peaks from the 50 nm-thick BFCO films and STO

substrates. The calculated out-of-plane c lattice parameters

based on the pseudocubic structure were 3.962 Å. The in-

plane pseudocubic parameters were estimated to be 3.906 Å,

close to that of the STO substrate. Thus, the BFCO thin films

crystallized in a distorted monoclinic structure with a large c/

a ratio due to the strong in-plane compressive strain.

The recorded pattern for BFCO grown on STO (111) (cf.

Fig. 1) revealed additional periodic superstructure peaks in the

(111) direction. The latter is very intense, indicating good Fe/

Cr cation ordering and high crystal quality BFCO thin films.

The EM properties of the BFCO films were characterized

by using the coaxial transmission line method14 (Fig. 2(a)).

To verify the EM-attenuation feature of the films, measure-

ments of the EM energy transfer in a transition device were

performed.15 The transition structure is characterized by a

wide-band operating in the 1–16 GHz frequency range.16 To

measure the transition scattering parameters, an Agilent

a)Author to whom correspondence should be addressed. Electronic mail:

nechache@emt.inrs.ca.

0003-6951/2011/99(18)/183505/3/$30.00 VC 2011 American Institute of Physics99, 183505-1

APPLIED PHYSICS LETTERS 99, 183505 (2011)

Downloaded 04 Nov 2011 to 207.162.24.199. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.3657528
http://dx.doi.org/10.1063/1.3657528
http://dx.doi.org/10.1063/1.3657528
http://dx.doi.org/10.1063/1.3657528
http://dx.doi.org/10.1063/1.3657528


8722ES network analyzer was used. For each setup, transmis-

sion (S21) and reflection (S11) parameters were recorded with

the network analyzer. The EM attenuation is deduced by com-

paring energy transmission between the two ports of the tran-

sition device in cases with and without measured samples.

Prior to EM shielding measurements, the frequency

work band-pass (FWBP) of the system was determined by

measuring the S11 of the reference samples. These reference

samples consist of (1) the holder adapter (i.e., the transition

device), (2) the naked STO substrate, and (3) substrates dec-

orated with BFCO materials. The FWBP was then defined

by the frequency range associated with S11 values below the

j�10j dB level.17

As a consequence, any measured EM shielding is known

to be mainly due to the sole attenuation (S21) of the sample

being characterized. Figure 2(b) shows the measured (S11)

reflection coefficient for all the reference samples as a func-

tion of the EM frequency.

Hence, the FWBP of our system is corresponding to the

6–12 GHz range (i.e., X-band). On the other hand, all the ref-

erence samples exhibit a reflection coefficient of more than

j�60j dB around the 9 GHz frequency, meaning that less

than 10�6 fraction of the incident EM Energy was reflected

(i.e., practically, no EM reflection occurs at this frequency).

After the estimation of the FWBP, the EM absorption

(and/or attenuation, (S21)) of the reference samples was sys-

tematically measured. As seen in Figures 2(c) and 2(d), the

holder adapter and the naked STO substrates are almost

transparent to EM radiation in the investigated frequency

range. The rather weak and flat j�2j dB measured for (S21) is

attributed to the thermal noise of the instrument and the ex-

perimental uncertainties. Deep and narrow EM-attenuation

with a (S21) reaching up to j�18j dB around 9 GHz range is

measured for (111)—oriented BFCO (cf. Fig. 2(c)). Weak

attenuation of j�5j dB is also observed at 7 GHz frequency

band. (001)-oriented BFCO exhibit a deeper EM-attenuation of

about j�24j dB at 10 GHz. Additional attenuation of j�11j dB

can also be distinguished at around 9 GHz for BFCO (001).

Since the STO substrate was shown to be almost transparent to

EM radiation in the X-band, the measured EM attenuation is

attributed to the BFCO thin film. This demonstrates that at the

X-band frequency, the predominant EM attenuation mecha-

nism in BFCO thin films is absorption rather than reflection.

In EM absorption, it is known that both electric and

magnetic dipoles are strong absorbers of EM energy.18,19

For pure dielectric materials, such as ZnO (Ref. 20) and

BaTiO3,21 EM absorption is due to dielectric losses. In the

case of pure magnetic materials, such as ferrites,22 the

magnetic losses dominate over the dielectric losses. How-

ever, for multiferroic materials, the magnetic and dielectric

losses should contribute equivalently to microwave absorp-

tion due to the combination of ferroelectricity and mag-

netic order.

To describe the significant EM absorption observed in the

epitaxial grown BFCO thin films, we investigated their mag-

netic and ferroelectric properties. The magnetic properties

were measured using a vibrating sample magnetometer with a

sensitivity of 10�6 emu. The room temperature magnetic hys-

teresis loops of (001) and (111) oriented BFCO films are dis-

played in Fig. 3(a). The magnetic field H was applied in the

plane of the films. The in-plane (IP) saturated magnetizations

of BFCO were found to be 130 and 103 emu/cm3, correspond-

ing to 1.6 and 1.3 lB/f.u., for (001) and (111) orientations,

respectively.23 The magnetization values of the BFCO films

are slightly different between the two orientations.

Piezoresponse force microscopy (PFM)24 was per-

formed to probe the ferroelectric behavior of the BFCO films

(Fig. 3(b)).25 Local remanent piezoelectric hysteresis loops26

observed for both orientations confirm the polarization

switching and ferroelectric character of BFCO thin films.

We also macroscopically measured the voltage dependence

current density J in the films using an electroceramic ana-

lyzer (aixACCT TF Analyzer 2000). The (001)-oriented

BFCO film shows leakage current densities of the order of

10�6 A/cm2 in the zero electric field region, which is higher

than the 10�7 A/cm2 of BFCO film with (111) (cf. Fig. 3(c)).

This may be attributed to high densities of crystal defects

and oxygen vacancies and probably correlated with the ferro-

electric domain wall morphology in the oriented films.27

The maximum absorption of j�24j dB at 10 GHz for the

(001) oriented BFCO thin film is comparable with that of Fe/

FIG. 2. (Color online) (a) Schematics of the coaxial transmission line

method used to measure the electromagnetic shielding attenuation perform-

ance. (b) The reflection parameter (S11) measured for the holder adapter, the

naked STO substrate, and the grown (100) and (111) BFCO, respectively.

EM absorption parameter (S21) measured for the reference samples (i.e.,

holder adapter and naked STO substrate) and BFCO films (c) (001) and (d)

(111) crystal orientations.

FIG. 1. (Color online) Structural characterization of (001) and (111)-

oriented BFCO thin film. The squares correspond to Kb lines while the

circles indicate contamination by tungsten of the x-ray tube cathode.
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CNTs (more than �25 dB)28 and CNTs/CoFe2O4 (�18 dB).5

The better microwave absorption properties observed in

BFCO (001) can be attributed to the enhancement of magnet-

ization and leakage current density in the films. Domain walls

could behave as a pathway through which electrical conduc-

tion can occur and thereby contributes to the EM attenuation.

In summary, we demonstrated a significant EM attenua-

tion, as high as j�24j dB in the HF X-band domain, of multi-

ferroic BFCO epitaxial thin films grown by PLD. This effect

exciting result is attributed to the perfect EM matching origi-

nating from the coexistence of ferroelectric and magnetic

order in the films. The observed high EM absorption of

BFCO films is promising for microwave applications, such

as specific frequency bands notch filters.29 Further investiga-

tions are under way to determine in detail the effect of cation

ordering and ferroelectric domain walls on the EM absorp-

tion pattern of BFCO epitaxial films as well as BFCO submi-

cron and nanostructures.11
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FIG. 3. (Color online) Multiferroic

properties of epitaxial BFCO thin films:

(a) Room temperature magnetization

hysteresis of (001) and (111)-oriented

BFCO films and their corresponding (b)

ferroelectric hysteresis loops, and (c)

voltage dependence current density J.
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