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It is generally believed that nature does not provide materials with negative refraction. Here we
demonstrate experimentally that such materials do exist at least at GHz frequencies: ferromagnetic metals
reveal a negative refraction index close to the frequency of the ferromagnetic resonance. The experimental
realization utilizes a colossal magnetoresistance manganite La2=3Ca1=3MnO3 as an example. In this mate-
rial the negative refractive index can be achieved even at room temperature using external magnetic fields.

DOI: 10.1103/PhysRevLett.98.197401 PACS numbers: 78.20.Ci, 41.20.Jb, 75.47.Lx, 76.50.+g

Materials with a negative refractive index reverse our
understanding of modern optics. In a negative refraction
material (NRM) the phase of the electromagnetic wave
propagates in a direction opposite to the energy flow. In
1968 Veselago [1] proposed that a material with simulta-
neously negative electric permittivity " < 0 and negative
magnetic permeability �< 0 would reveal a negative
refractive index. Only recently could this prediction be
confirmed experimentally [2–7]. Lenses designed from
the materials with negative refraction can be constructed
with flat surfaces and, most importantly, they reveal a
resolution beyond the diffraction limit [8]. This superlens-
ing effect has been experimentally verified for a number of
metamaterials at microwave frequencies [9,10], and even
for optical frequencies [11] although the latter did not
utilize the negative refraction material. The superlensing
effect which uses negative refraction suffers strongly from
residual losses [12]. In addition, the original idea [8]
requires that both permittivity and permeability equal to
minus one. The dielectric permittivity of metals is negative
below plasma frequency and the first condition can be
fulfilled even for visible light. On the contrary, magnetic
permeability of known magnetic materials approaches
unity already above terahertz frequencies [13]. Therefore
the search for magnetic systems with � � �1 up to the
optical range remains an actual task.

It is generally believed that nature does not provide
materials with negative refraction [13] and hence, meta-
materials [2–5], photonic crystals [6,7,14], or multilayers
[15,16], have been utilized as NRMs. In this Letter we
demonstrate that natural materials with negative refraction
do exist at least at GHz frequencies. Indeed, a good metal
would reveal negative permittivity and, if it is simulta-
neously ferromagnetic, negative magnetic permeability
close to magnetic resonance can be realized as well [13].
Even more, the requirement of perfect metallic conduc-
tivity is not stringent. The complex dielectric permittivity
�"�� of metals can be written as "� � "1 � i"2 �
"1 � i�="0!, where "1 � Re�"�� is the real part of the
permittivity, � is the conductivity, ! � 2�� is the angular
frequency, and "0 is the permittivity of free space. For

metals at not too high frequencies an inequality holds:
j"1j � "2. Therefore, in a good approximation the permit-
tivity of a metal is purely imaginary and the border be-
tween good metals with "1 < 0 and bad metals with "1 > 0
is rather subtle. As has been shown theoretically [17], the
full condition to obtain negative refraction is slightly
broader than Veselago’s criterion and can be written as [18]

 �"1 � j"
�j���1 � j�

�j�< "2�2: (1)

Here �1 and �2 are real and imaginary parts of the com-
plex magnetic permeability �� � �1 � i�2. In case of a
metal j"�j � "2 and Eq. (1) is simplified to

 �1 < 0;

which is now a final condition applied to ferromagnetic
metals. For an isotropic ferromagnet the magnetic contri-
bution of the ferromagnetic resonance (i.e., the strength of
the mode) can be written as �� � 4�M0=Hr, whereM0 is
the static magnetization andHr is the resonance field. For a
typical ferromagnet 4��0M0 	 1 T, which leads to ��	
1 at gigahertz frequencies (�0Hr 	 1 T). Here �0 is the
permeability of free space. For narrow ferromagnetic
modes the magnetic permeability can therefore easily
reach negative values close to the resonance.

To demonstrate that negative refraction can be ob-
tained in a bulk metallic ferromagnet, we choose
La2=3Ca1=3MnO3 (LCMO), a material from the family of
colossal magnetoresistance manganites [19,20]. This is a
well studied system with the phase diagram allowing the
tuning of the conducting and magnetic properties between
antiferromagnetic insulator to ferromagnetic metal. Close
to Ca1=3 doping LCMO reveals a metallic ferromagnetic
state with a strong mode of the ferromagnetic resonance.
These properties make LCMO an ideal candidate to test the
existence of negative refraction in ferromagnetic metals. In
addition, the preparation procedure of manganites is well
established and the samples of high quality can be easily
grown using various techniques. In the present case,
LCMO films with a typical thickness of 550 nm were
prepared on MgO substrates by a metalorganic aerosol
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deposition [21]. Because of high refractive index of LCMO
the wavelength of the GHz radiation within the sample
�=n	 5 �m is about 1 order of magnitude larger than the
film thickness.

The dynamic experiments for frequencies 60 GHz<
�< 380 GHz were carried out in a Mach-Zehnder inter-
ferometer arrangement [22,23] which allows both the mea-
surements of the transmittance and the phase shift of a
plane-parallel sample. The frequency-dependent transmis-
sion spectra are analyzed using the Fresnel formulas for the
transmittance T � jtj2 [23,24]
 

t �
�1� r2�t1
1� r2t21

; where r �

����������
"=�

p
� 1

����������
"=�

p
� 1

and t1 � exp��2�i
�������
"�
p

d=��:

(2)

Here r is the reflection amplitude at the air-sample inter-
face, t1 is the ‘‘pure’’ transmission amplitude, " and � are
the (complex) dielectric permittivity and magnetic perme-
ability of the sample, respectively, d is the sample thick-
ness, and � is the radiation wavelength. Equation (2) is
valid for both thin and thick samples and can be easily
extended to include the properties of the substrate [24].

Figure 1 shows the conductivity of LCMO as function of
temperature in a zero magnetic field compared to the data
in a static field of �0H � 5 T. A sharp metal-to-insulator
transition is observed without magnetic field, which cor-
responds to the magnetic transition from the paramagnetic
to the ferromagnetic state. This correlates well with the
magnetic moment of LCMO shown in Fig. 1. In the pres-
ence of external magnetic fields the transition temperature
strongly increases and broadens. As documented in Fig. 1,
in the external field of �0H � 5 T the ferromagnetic and
metallic state persists even at room temperature. The ab-

solute values of conductivity range from 100 to
1000 ��1 cm�1, which corresponds to a large imaginary
part of the dielectric permittivity Im�"�� � "2 between
1:2
 103 and 1:2
 104, respectively. In the presence of
this large imaginary part, the real part of the permittivity
cannot be measured accurately in the gigahertz range and
can only be estimated as �2� 1� 
 102. However, the com-
plex refractive index n� � n� i� �

�����������
"���

p
is dominated

by the large Im�"�� and the resulting errors are below 5%.
To separate dielectric and magnetic contributions of

LCMO two experimental geometries of the transmittance
experiment have been used, ~h ? �0H and ~h k �0H. Here
~h is the ac magnetic field of the electromagnetic wave and
H is the static field. The experimental arrangements are
shown schematically in the inset of Fig. 2. The excitation of
the magnetic resonance and, therefore, the nonzero mag-
netic susceptibility can be realized in the geometry ~h ?
�0H only [25]. This follows from the solution of the
Bloch’s equations for the motion of the magnetic moments
in an external field. The nonzero magnetic susceptibility
arises due to the term ~h
M0. These conditions are dem-
onstrated experimentally in Fig. 2, which shows transmit-
tance and phase shift of LCMO for two complementary
experimental geometries. The red curves show the ‘‘non-
magnetic’’ data with ~h k �0H and the black curves repre-
sent the geometry with ~h ? �0H, where the ferromagnetic
resonance is excited. Combining the results of both experi-
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FIG. 1 (color online). Temperature dependence of the conduc-
tivity and magnetization of the LCMO film. Left scale: Magnetic
moment of LCMO for different magnetic fields. Right scale:
conductivity at � � 150 GHz without magnetic field (blue) and
in an external field of �0H � 5 T (green). Dashed line indicates
the border between ferromagnetic metallic and paramagnetic
semiconducting phases.
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FIG. 2 (color online). Complex transmittance of LCMO within
two possible experimental geometries. (a) Amplitude of the
transmission coefficient for magnetic (~h ? �0H, black curve)
and nonmagnetic (~h k �0H, red curve) geometries. (b) Phase
shift of the transmittance. The notations are the same as in (a).
The inset represents the experimental geometries. Here the wave
vector ~k gives the propagation direction, �0H is the external
magnetic field, and ~e and ~h are the ac electric and magnetic fields
of the electromagnetic wave, respectively.
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ments the dielectric permittivity and magnetic permeabil-
ity can be obtained independently. Within the geometry ~h k
�0H no magnetic contribution exists and � � 1.
Therefore, the dielectric permittivity can be calculated
from transmittance and phase shift of this geometry.
Combining these data with the results obtained within the
geometry ~h ? �0H the magnetic permeability is calcu-
lated. Finally, the complex refractive index is calculated
via n� �

�����������
"���

p
. We note that due to continuous variation

of the refractive index by the external magnetic field the
sign of the square root is solved automatically. Typical field
dependencies of the dielectric permittivity and the mag-
netic permeability of LCMO are given in Fig. 3. These data
have been obtained from the transmittance and phase shift
of Fig. 2 using Eq. (2). Here the changes in the dielectric
permittivity correlate well with the results in Fig. 1 and
represent the gigahertz magnetoresistance in LCMO.

Figure 4 represents the magnetic field dependence of the
refractive index (a) and the absorption coefficient (b) of
LCMO at a frequency of 150 GHz and as function of
magnetic field close to the ferromagnetic resonance in
this compound. Closely similar field dependencies have
been observed for frequency of 90 GHz except that the
resonance position is roughly 3.1 T in this case. With
increasing temperature the resonance position shifts to
higher magnetic fields. This behavior agrees well with
the decrease of the ferromagnetic moment in LCMO
(Fig. 1) and corresponds to the �0H ? ~k geometry of the
experiment (Voigt geometry [26]). Within this geometry
the static magnetic field lies within the sample plane and

the resonance frequency is given by !r �

�
�����������������������������
�H � 4�M�H

p
, where � is the gyromagnetic ratio.

According to this expression and in the ferromagnetic state
the resonance field is shifted to lower fields approximately
proportional to the static magnetization. Figure 4 clearly
documents that a large field region with negative refraction
exists especially in the ferromagnetic metallic state. In
addition, the inset in Fig. 4 shows the refractive index of
LCMO in a complex scale using the magnetic field as
parameter. The region with negative refraction is shown
as the hatched area in the inset.

Although the presented results demonstrate the possibil-
ity of negative refraction in a bulk material, the applica-
tions, e.g., towards the superlensing effect remain
restricted. The basic problems to be solved are the losses
in the ferromagnets close to the resonance and the anisot-
ropy of the magnetic permeability. To suppress the losses a
ferromagnetic material with a very narrow resonance line
may provide a reasonable solution. The anisotropy of the
permeability and, therefore, of the refractive index, cannot
be removed within the present geometry. The sensitivity to
the polarization of the incident radiation is suppressed in
the Faraday geometry, where static magnetic fields are
perpendicular to the sample surface and cylindrical sym-
metry exits. To reduce the anisotropy for different incident
angles further experimental efforts are necessary.

Finally, Fig. 5 compares the lowest values of the refrac-
tive index, obtained in this experiment, for two different
frequencies. The lowest value of the refractive index re-
mains negative in the full range of the present experiment
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FIG. 3 (color online). Magnetic field-dependence of the di-
electric permittivity (a) and magnetic permeability (b) of LCMO
at � � 150 GHz and T � 210 K. Green curves—real parts, blue
curves—imaginary parts. The inset shows the magnetic perme-
ability in the vicinity of the resonance field.
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210 K � T � 305 K. The available values of the refrac-
tive index correlate well with the strength of the magnetic
mode [Fig. 5(b)] and with the static magnetization (Fig. 1),
which is an expected behavior of a classical ferromagnet.
Of course for modern optoelectronic applications the prob-
lem remains to provide negative refraction in ferromag-
netic films for visible light. Negative dielectric permittivity
is a characteristic of many metals at optical frequencies.
However, negative magnetic permeability is restricted
close to ferromagnetic resonance in the mm wavelength
range and fades away towards higher frequencies [13]. In
addition, we cannot exclude that an electronic phase sepa-
ration, which has been shown to be important in mangan-
ites [27], plays a role in constituting negative refraction.

In conclusion, we have shown experimentally that the
conditions for negative refraction can be realized in metal-
lic ferromagnets. In the present work, the negative refrac-
tion index has been obtained in the colossal magneto-
resistance material La2=3Ca1=3MnO3 and in the gigahertz
frequency range. Using two different experimental geome-
tries, the magnetic permeability and dielectric permittivity
have been obtained independently to demonstrate the nega-
tive refraction close to the ferromagnetic resonance. In
principle, similar effects can be expected in any ferromag-
netic metal such as iron, provided the existence of narrow
ferromagnetic resonance.
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