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Photonic Anisotropic Magnetoresistance in Dense Co Particle Ensembles
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In this Letter, we experimentally show that the amplitude and arrival time of the terahertz optical
transmission through dense ensembles of subwavelength-size ferromagnetic particles is strongly depen-
dent on the orientation of an externally applied magnetic field. The attenuation and delay have the same
magnetic field orientation dependence as the electrical anisotropic magnetoresistance inherent to bulk
ferromagnetic metals. We envision the application of this magnetic effect in terahertz photonic devices.
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Magnetoresistance, the magnetically induced resistance
change in ferromagnetic metals, is the backbone of ad-
vanced technologies such as spintronics, magnetic sensors,
recording heads, and memories [1-3]. While magnetore-
sistance has been studied extensively in relation to electri-
cal transport, the incorporation of magnetoresistive effects
into photonic systems could potentially lead to a plethora
of next generation devices [2]. A magnetoresistance effect
associated with light was demonstrated in paramagnetic
dielectric scatterers [4,5]. A new route towards observing
photonic magnetoresistance is via ferromagnetic metallic
scattering media. In particular, when light is coupled into
charge oscillations on metallic surfaces (surface plas-
mons), the optical properties of the supporting medium
can be influenced via the mediating charge oscillations. In
the scenario where the conduction electron oscillations,
which behave as localized currents, are confined to a
ferromagnetic metal surface, magnetically dependent
spin-orbit scattering responsible for the anisotropic mag-
netoresistance effect [6—8] will map onto an analogous
photonic anisotropy. Like electronic conduction, light
propagation in such plasmonic systems will exhibit a
strong dependence on the orientation of a magnetic field.

Recently, it was shown that ensembles of metallic mi-
croparticles exhibit high terahertz (THz) electromagnetic
transparency due to coherent near-field coupling of surface
plasmons across the medium [9-11]. As electromagnetic
transmission in these dense metallic particle collections is
mediated by coupled surface plasmon oscillations, such
media exhibit optical properties that are sensitive to the
particles’ electrical and magnetic characteristics. In this
Letter, we investigate THz plasmon-mediated transmission
through dense, random ensembles of subwavelength ferro-
magnetic Co particles above the critical metal fraction
[12]. Plasmon oscillations at the particles’ surfaces behave
as localized currents that are influenced by the resistivity of
the metallic medium. We find that the Co particle ensem-
bles show strong magnetically dependent transmission
modulation not present in nonmagnetic particles. The large
transmissivity modulation arises from anisotropic magne-
toresistivity inherent to the ferromagnetic metal. Our ex-
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perimental results are presented in conjunction with a
description of plasmon modulation due to anisotropic
magnetoresistivity.

To observe photonic magnetoresistance, we employ
THz time domain spectroscopy [10]. The sample is
>99.7% pure Co, consisting of randomly shaped, polydis-
perse particles, with a mean dimension of « = 74 pm and
a volume packing fraction of 0.51. The Co particles are
magnetized using a biasing magnetic field B. Far infrared
radiation is utilized to explore electromagnetic interaction
in a regime where the wavelength A > «. Single-cycle,
broadband (1 THz bandwidth), 1 ps wide THz pulses are
generated from a semi-insulating GaAs photoconductive
switch illuminated with 20 fs, 800 nm laser pulses. The
THz pulse is directed upon a polystyrene cell housing the
Co particles with sample length L, ranging from 2 to 9 mm.
The on-axis transmitted electric field is coherently detected
in a (111) ZnSe electro-optic (EO) crystal [9].

The THz electric field pulse Ety, incident on the Co
particles excites localized conduction electron oscilla-
tions within the skin depth of the particle surface. The
current associated with the charge oscillations can be
described by j, = E o1/ peit(B, 0), where E o = Erp, +
Egpo is the total surface electric field consisting of
contributions from Ety, and the depolarization electric
field Egpo from the induced charges. The medium is
characterized by an effective resistivity p.(B, 6) = p, +
Plorentz(B, 0) + pamr (B, 8), where p,, is the nonmagnetic
background resistivity, ppgren (B, #) is the magnetoresis-
tivity arising from Lorentz force, pamr(B, 6) is the mag-
netoresistivity due to the anisotropic magnetoresistance
(AMR) effect, and 6 is the angle between the current and
the magnetization direction. In all metals, pygren, (B, 6) is
present as a small magnetoresistivity modulation propor-
tional to the Lorentz force —ev X B, where e and v are the
electron charge and velocity, respectively. In ferromagnetic
metals, pavr(B, 0) is a significantly larger magnetoresis-
tivity effect where the resistivity is maximum (minimum)
when the electron velocity is parallel (perpendicular) to the
magnetization. The dependence of payr(B,#) on 6 is
given by pawr(0) = p1 + (pj — pr)cos®d [13], where
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p1 and p| are the resistivities when the magnetization is
perpendicular and parallel to the current direction, respec-
tively. AMR originates from scattering anisotropy due to
spin-orbit interaction [7]. Stronger scattering is expected
for electrons traveling parallel to the magnetization, caus-
ing p| > p . By means of plasmonic propagation, changes
in p.s(B, #) within the skin depth of the particle surface via
PlLorentz(B, 8) and/or pavr(B, 0) cause a magnetically de-
pendent transmissivity modulation.

By magnetically varying the resistivity of the Co parti-
cles, THz light transmission through the ensembles is
influenced through oy greniz (B, 0), pamr(B, 8), or both. As
shown in Fig. 1, the time domain characteristics of the
experimental THz transmission through the Co sample
reveal several magnetic effects. The most remarkable ob-
servation is that the THz pulse arrival time 7 (measured at
the first peak of the transmitted pulse) depends on the
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FIG. 1 (color online). Time domain transmitted THz wave-
forms when (a) L=0mm, (b) L =2 mm, (¢c) L =3 mm,
(d L =4 mm, (¢) L =5 mm, and (f) L =9 mm using the B
configuration shown in the inset in (b). (g) The time domain THz
transmission through a 2 mm thick Co sample using the B
configuration shown in its inset. Transmission measurements
made through a 3 mm thick sample of 50 um Cu particles are
illustrated in (h) for B = 0.18 T and B = 0 configurations.

orientation of the biasing B field (B = 0.18 T) relative to
the incident pulse polarization. This observation is accom-
panied by simultaneous transmission attenuation exhibit-
ing a similar B-orientation dependence. As shown in
Figs. 1(b)—1(f), the magnetic arrival delay and attenuation
increase with increasing L. Evidently, the optical proper-
ties of the Co sample are highly dependent on the angle
between the THz pulse polarization and the sample mag-
netization. Arrival delay AT and attenuation are observed
only with the application of B parallel to the incident THz
pulse polarization; however, as shown in Fig. 1(g), no
measurable AT and attenuation occur for the configuration
B perpendicular to the incident polarization. It should be
noted that identical behavior observed using Co embedded
in solid paraffin shows that the delay and attenuation are
not caused by spurious mechanical effects such as particle
physical rearrangement in the B; = 0.18 T field (not
shown). The attenuation and delay have a similar
B-orientation dependence as AMR inherent to bulk ferro-
magnetic metals [7]. The increased temporal delay and
attenuation when a B)| field is applied indicate a decreased
relaxation time, which can be equivalently interpreted as
an increase in povr(B, 0) of the medium. In contrast, the
insignificant attenuation and delay observed in a B field
show that pygreni (B, 6) is negligible.

By varying the B field from O to 0.15 T, we find that the
magnetically induced delay for a L = 3 mm sample grows
linearly from O to 1.2 ps, and in the range of 0.15-0.25 T,
the delay begins to saturate [Fig. 2(a)]. Employing B} =
0.18 T (corresponding to the onset of delay saturation),
we observe that AT increases linearly with L with a
retardation coefficient of AT/L = 0.57 = 0.01 ps/mm
[Fig. 2(b)], indicating that the phenomenon is a cumula-
tive effect proportional to the number of Co particles
across the sample. To quantify this photonic anisotropy,
we introduce the photonic magnetoresistance ratio PMR =
(1) — 79)/ 7o, where 7 and 7 are the temporal delays for
B = 0.18 T and B = 0, respectively. We obtain PMR =
15 = 2% for all thickness values. Further evidence is
drawn from comparative transmission measurements
through an ensemble of ~70 wm Cu particles with the
application of B = 0.18 T. As Cu is nonmagnetic, we
observe no measurable magnetically dependent delay, evi-
dent in Fig. 1(h). In addition, for the Co particles, we do not
observe B-polarity-dependent transverse plasmon scatter-
ing effects in the transmission amplitude, delay, or spatial
distribution [14,15].

Anisotropic transmission modulation in the metallic
particles arises directly from the 6-dependent electrical
magnetoresistivity of the ferromagnetic metal. This can
be understood by describing the vector plasmonic response
of a single Co particle. As the size scale of the particles’
roughness (~1 wm) relative to the central wavelength
obey Rayleigh’s criterion for smooth surfaces, the particle
is approximated to be a smooth sphere [16]. For a < A,
the incident THz pulse can be described as a homogeneous

033903-2



PRL 96, 033903 (2006)

PHYSICAL REVIEW LETTERS

week ending
27 JANUARY 2006

20

- Al - B
216 1 é’ 41
5 S
0 1.2 SB0T 8 31
8 ; ’B;i+0v18T 8
8 0.8 1 % =B,=-0.18T| % 5]
S =
~o044 /* £ o1
0 10 20 30 40|
00 . Po'sition (mm) 0 : : :
0.00 0.10 0.20 0.30 0 4 6 8 10
Magnetic Field (T) L (mm)
6
_ 25 A C 5 | D
) .
T 20 A —
S S 41
3 15 1 .l
3 = B=0T B = B=0T
é 10 1 ® B,=0.18T Lljg 2 ® B,=0.18T
~ 5 1
0 T T T T 0 — T T T
0 2 4 6 8 10 0 2 4 6 8 1012 14
L (mm) L (mm)

FIG. 2 (color online). (a) The transmission arrival time versus
magnetic field through a L = 3 mm Co sample. The inset in (a)
depicts the integrated spatial profile along the polarization axis
of the THz transmission through a Co sample for B =0T,
B, = +0.18 T, and B; = —0.18 T. The integrated spatial pro-
file of the transmission shows no B-polarity-dependent effects.
(b) The relative delay versus sample thickness for the B) =
0.18 T configuration with respect to B = 0. (c) Arrival time and
(d) peak-to-peak electric field amplitude |Eg,, | of the trans-
mitted THz pulse for B = 0.18 T and B = 0 T versus sample
thickness. The arrival times correspond to velocities of v, =
0.51 =0.01 ¢ and v,y = 0.55*0.01 ¢ for By =0.18 T and
B = 0 T, respectively.

electric field Eqy, = Eqy,(cos¢? — sing ). The depolar-
ization electric field E4ep, of the surface charges induced
by Ery, corresponds to that of a dipole moment p directed
along Ery,. The dipole electric field is Egepo =
(p/Ame,r?)(2cosp? + singd) [17], where ¢, is the per-
mittivity of free space, r is the radial distance from the
particle center, and ¢ is the angle of an arbitrary direction.
Cancellation of the tangential electric fields at the particle
surface results in a total surface electric field E ., =
Ery, + Egepot = Etp, c0s¢F oriented normal to the parti-
cle surface. Note that E ., is strongest along the direction
of the incident field (¢ = 0°) and approaches zero in the
orthogonal direction (¢ = 90°). Accordingly, surface
plasmon oscillations driven by the total electric field j, =
Etotal/peff(B: 0) = (ETHZ COS(JS?)/peff(B’ 0) are also polar—
ized along the incident field direction. This is illustrated by
finite difference time domain simulations shown in Fig. 3.
In a collection of particles, the plasmon oscillations on
individual particles coherently couple across the extent of
the sample and at the edge, radiate into the far field.
Polarization of the surface currents along the incident
electric field gives rise to the observed anisotropy. The
characteristic p.i(B, 6) of the ferromagnetic particles de-

FIG. 3 (color online). Electric field amplitude images of a
finite difference time domain simulation of single-cycle THz
pulse excitation of a 70 um diameter Co particle at various
times. Experimental data from Ref. [19] are used to fit the
Drude permittivity &(w) =1 — w3/(il'w — »?), where w, =
9.8 X 10" s7! and I'=1.0x 103 s7! are the plasma and
damping frequencies for Co, respectively. As shown in (a), at
6.5 ps the single-cycle TM polarized THz pulse propagates
towards the Co particle. At 10 ps, shown in (b), negligible
THz field amplitude is present inside the particle due to the
large imaginary permittivity at THz frequencies. (c) and (d)
show that, after passage of the THz pulse at 15 ps, the fields
near the Co particle exhibit strong dipolelike signatures associ-
ated with the surface currents at the left and right edges of the
particle. The arrows in (a) and (d) depict the orientations of the
THz pulse polarization and the net induced dipole in the particle,
respectively. In the images, the field amplitude increases from
black (0), to blue, to yellow, up to red (1).

pends strongly on the angle between the incident field
polarization (coinciding with the orientation of the surface
currents) relative to the magnetic field direction.
Attenuation of j, via pamgr(B, 0) > proren, (B, 6) directly
results in transmission amplitude reduction and delay in a
B\ field relative to a B field. Since Cu exhibits negligible
magnetoresistivity, no magnetically induced transmission
modulation is observed in the Cu particles.

Polarization characterization of the experimental trans-
mission enables further understanding of this photonic
effect. Depending on the orientation ¢ of the EO crystal,
relative to the incident THz pulse polarization, we measure
different components of the transmitted electric field. The
EO response of the (111) ZnSe crystal at ¢ = 0°, 60°, and
120° correspond to the transmitted field component paral-
lel to the incident polarization, while the responses at ¢ =
30° and 90° correspond to electric field components along
the perpendicular direction [18]. By measuring the electric
field signal from ¢ = 0° to ¢ = 120°, all field compo-
nents are sampled. Figure 4 maps the experimentally mea-
sured transmitted electric field (through a 3 mm thick
sample) as a function of the angle ¢ for B =0, B, B,
and Bys at 45° with respect to the incident THz pulse
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FIG. 4 (color online). Normalized THz electric field amplitude
versus ¢ and time for (a) B =0, (b) By, (c) By, and (d) Bys
configurations. Shown in the side panel is the peak-to-peak THz
electric field amplitude versus ¢ for B = 0. The magnetic field
in the B, By, and Bys configurations is 0.18 T.

polarization. For B = 0 [Fig. 4(a)], coherent coupling
across the medium preserves the incident linear polariza-
tion as evidenced by the threefold symmetry of the trans-
mitted electric field, where maxima occur at ¢ = 0°, 60°,
and 120° and the field is 0 at ¢ = 30° and 90°. The high
polarization purity suggests the absence of significant
polarization-randomizing scattering events. A similar con-
clusion can be drawn when B and B are applied
[Figs. 4(b) and 4(c)], where the THz pulse propagates
isotropically at velocities v, and v, | = v,(, respec-
tively. However, when a Bys field is applied, the incident
THz pulse simultaneously excites charge oscillations ori-
ented both parallel and perpendicular to B,s that travel
across the sample at velocities of v, = 0.51 cand v, | =
0.55 c, respectively. Because of this anisotropy, the trans-
mitted electric field does not preserve the incident linear
polarization, and it is anticipated that the transmission
contains electric field components along all EO crystal
orientations. Indeed, as shown in Fig. 4(d), the temporal
electric field map versus ¢ shows entirely different behav-
ior from the previous cases. While the threefold symmetry
of the map is still evident, field components present at ¢ =
30° and 90° indicate that the polarization purity is signifi-
cantly reduced, in accordance with predictions for aniso-
tropic plasmonic propagation through the medium. Aniso-
tropic magnetoresistance causes the dense Co particle
collection to exhibit extraordinarily large THz optical bi-
refringence. In contrast, no birefringence is observed in

nonmagnetic Cu samples under the same experimental
conditions.

Our experiments confirm the existence of a plasmonic
counterpart of the anisotropic magnetoresistance effect, a
phenomenon conventionally associated with electronic
transport. With this discovery, we envision the develop-
ment of hybrid photonic magnetoresistive devices.
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