face roughness and come close to the ones the-
oretically anticipated in Fig. 1. Their footprint is
40 by 40 pm.

Figure 4 compares measured and calculated
optical transmittance spectra for circular polar-
ization of the incoming light propagating along
the helix axis. Broadband optical spectroscopy
in the few-um wavelength range using incident
circular polarization of light is not standard at all.
Thus, by introducing the combination of a linear
polarizer and a mid-infrared super-achromatic
quarter-wave plate, we have specifically modi-
fied a commercial Fourier-transform spectrome-
ter combined with a microscope for that purpose
(18). The measured spectra in Fig. 4 reveal the
theoretically anticipated blocking of one of the
two circular polarizations, whereas the other cir-
cular polarization is transmitted. A large trans-
mittance ratio results in the wavelength range
from 3.5 to 7.5 um, which exceeds one octave.
Some engineering of the helix parameters would
allow for further improvement of the suppression
ratio. For conical helices with a diameter that con-
tinuously increases along the helix axis—rather
than for the constant helix diameter discussed
here—antenna theory (28, 29) promises band-
widths considerably exceeding one octave. This
approach could lead to a further increase of the
circular-polarizer operation bandwidth.

Metallic wire-grid linear polarizers (“one-
dimensional metamaterials”) have been known
since the pioneering experiments on electromag-

netic waves by Heinrich Hertz in 1887. Nowa-
days, they are still widely used for broadband
applications. Because of the obvious wavelength
dependence of quarter-wave plates, broadband
conversion of linear into circular polarization is
nontrivial in many frequency ranges. Our 3D
metamaterial based on metal helices can be
viewed as the circular analog of Hertz’s device.
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Control of Spin Precession in a
Spin-Injected Field Effect Transistor
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Spintronics increases the functionality of information processing while seeking to overcome some
of the limitations of conventional electronics. The spin-injected field effect transistor, a lateral
semiconducting channel with two ferromagnetic electrodes, lies at the foundation of spintronics
research. We demonstrated a spin-injected field effect transistor in a high-mobility InAs
heterostructure with empirically calibrated electrical injection and detection of ballistic spin-
polarized electrons. We observed and fit to theory an oscillatory channel conductance as a function

of monotonically increasing gate voltage.

any types of spintronic devices have
Mbeen proposed, investigated, and de-
veloped. However, the spin-injected

field effect transistor (spin FET), which lies at
the heart of spintronics, has yet to be realized.
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Proposed by Datta and Das (/), the demon-
stration of a spin FET involves spin injection
and detection using a ferromagnetic source and
drain. However, a special feature of the spin FET
is the periodic modulation of source-drain con-
ductance as controlled by gate voltage—induced
precession of the injected spins. Electrical spin
injection and detection have been demonstrated
in a variety of semiconductors (2—6). Carrier spin
precession has been induced by using an external
magnetic field and detecting the Hanle effect, a
Lorentzian-shaped magnetoresistance caused
by precessional dephasing of diffusing spins, in

materials with relatively small spin-orbit interac-
tion such as GaAs and Si (3-5). However,
modulating the channel conductance by using
an electric field to induce spin precession has
remained elusive. A material with large spin-orbit
interaction will not permit the observation of the
Hanle effect, yet this type of material is necessary
for gate voltage—induced spin precession. These
two phenomena are mutually exclusive within
any single material. We used a high-mobility
InAs heterostructure with strong intrinsic spin-
orbit interaction o, and we measured the nonlocal
channel conductance (3, 6) rather than the direct
source-drain conductance suggested by Datta and
Das. Conventional lateral spin valve techniques
measured the population of ballistic spins.
Shubnikov—de Haas (SdH) experiments provided
an independent measurement of the dependence
of the spin-orbit interaction on gate voltage.
Apart from a small phase shift, the oscillatory
conductance that we measured fits to theory (/)
with no adjustable parameters. The temperature
dependence indicates that the modulation is only
observed when the injected electrons have bal-
listic trajectories to the detector.

A conventional lateral spin valve device
(Fig. 1A) is a convenient structure to investigate
spin injection and detection for several reasons.
First, the ferromagnetic (FM) electrodes have a
uniaxial shape anisotropy that can create binary
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magnetization states along the y axis, tM,. A
small external magnetic field applied along the y
axis (B,) can create conditions with the injector
(source) and detector (drain) magnetizations par-
allel or antiparallel, resulting in relatively high
or low spin-dependent voltages at the detector
(2, 7, 8). Second, a small channel length, L,
between injector and detector can be defined
lithographically. Third, in the “nonlocal” config-
uration (5—12), the bias current is grounded at
one end of the sample, there is no charge current
in the vicinity of the spin detector, background
effects are minimized, and the signal-to-noise
ratio is maximized. Spin-polarized carriers with
ballistic trajectories along the +x and —x direc-
tions are injected with equal probability.

In a two-dimensional electron gas (2DEG)
channel with strong spin-orbit interaction, the
structural asymmetry provides an intrinsic elec-
tric field along the z axis, E.o, where the
subscripts denote the z direction and zero gate
voltage. In the rest frame of a carrier moving with
a weakly relativistic Fermi velocity, vg, ~ ¢/300,
with ¢ the speed of light, electric field £, trans-
forms as an effective magnetic field Bg,,o, which
is called the Rashba field (73). The Rashba field
is perpendicular to the directions of the carrier
velocity and the electric field. In Fig. 1, Bgy is
along the y axis and has no effect on carriers that
are injected with spin polarization also along the
y axis (Fig. 1A). Datta and Das predicted,
however, that carriers injected with spin polar-
ization along the x axis would precess under the
influence of Bg,,, a condition that occurs when
the magnetization of the injector is oriented along
the x axis (Fig. 1B). The magnitude of £, can be
modulated by a variable gate voltage Vg, the
magnitude of the Rashba field changes, By, is
proportional to E_, and the precession rate
therefore changes as a function of V. When the
detector is also a FM electrode with magnetiza-
tion along the x axis and carriers have ballistic
trajectories from injector to detector, the channel
conductance of the structure in Fig. 1B is
predicted to oscillate periodically as a function
of monotonically increasing gate voltage, be-
cause the detector voltage will be high when a
detected spin has its orientation parallel with that
of the detector and the detector voltage will be
low when the spin is antiparallel (7). This is a
relativistic electric field analog of Larmor waves
(14). Whereas Larmor waves may be detected in
superposition with a diffusive resonance feature,
the spin-orbit interaction in a spin FET is so large
that spin orientation is randomized after only a
few scattering events, and the diffusive analog
(the Hanle effect) is not observed [supporting
online material (SOM) text S1].

Our devices consist of two Nig;Feo elec-
trodes on top of an InAs high—electron mobility
transistor (HEMT) channel and a gate electrode
(15). The InAs HEMT (6, 16) was grown by
molecular beam epitaxy on a semi-insulating InP
(100) substrate. The single quantum well, which
functions as a 2DEG channel, has a depth of
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Fig. 1. Lateral gated spin valve device with an external magnetic field (B, = 0.5 T) applied along
the y axis (A) and x axis (B). In (A), the magnetizations of the FM electrodes are shown oriented
along the y axis. The injected spin-polarized electrons are oriented along the y axis and do not
precess under the influence of the Rashba field Bg,. (B) shows the electrons injected with spin
orientation along the x axis, perpendicular to Bg,, and they precess under the influence of the
effective field. (C) Scanning electron micrograph of the device. For clarity, the image was taken
before depositing the gate oxide and electrode. (D) Observation of oscillatory conductance from
injector to detector with T = 1.8 K. Gate-controlled spin precession occurs in configuration (B)
(black trace) and not in configuration (A) (red trace). The green and blue traces represent data from
a control sample that has a ferromagnetic injector but a nonmagnetic detector. The channel length
is L = 1.65 um and the bias current is / = 1 mA. The plots are shifted for clarity. (E) Conventional,
nonlocal, lateral spin valve magnetoresistance measurement using configuration (A) at 7 = 1.8 K.
The black and red lines correspond to field sweep-up and -down, respectively. The pairs of arrows
indicate the magnetization alignments of the two FM electrodes, either parallel or antiparallel.

35.5 nm from the top surface. The carrier den-
sity and mobility of the 2DEG are ng = 1.8 x
10" to 2.8 x 102 cm 2 and p = 50,000 to
60,000 em®> V9istat temperature 7 = 1.8 K,
respectively. The channel, defined by a mesa etch,
is oriented with x along the <110> direction and
has a width w = 8 um. The two FM electrodes
were fabricated with electron beam lithography
and lift-off and have lateral dimensions of 0.4 x
80 um and 0.5 x 40 pm (Fig. 1C). Samples were
made with FM electrode spacings of L =1.25 and
1.65 um, measured center to center.

An example of the oscillatory conductance
modulation is shown in Fig. 1D. An external
magnetic field, B, = 0.5 T, was applied to fix the
magnetization orientations of the FM electrodes
in a chosen direction, thereby determining the
axis of spin injection and detection. The non-
local channel conductance was measured as a
function of gate voltage for the range —3 < Vg <
3 V. The red trace presents data for field B,,
applied along the y axis (Fig. 1A). The orienta-
tion of injected spins along the y axis is parallel
to the Rashba field. There was no spin preces-

sion and no modulation of voltage recorded by
the detector. For the data represented by the
black trace, the external field B,, = 0.5 T was
large enough to overcome the shape anisotropy
of the FM electrodes. The magnetization orien-
tations of injector and detector are along the +x
direction (Fig. 1B), and the injected spin orien-
tation is perpendicular to the Rashba field. The
spin precession varies as a function of gate volt-
age, and an oscillation of detected voltage as a
function of Vg was observed. The range of gate
voltage is sufficiently large that more than one
full cycle of voltage oscillation was recorded.

Control experiments were performed to fur-
ther confirm that the voltage oscillation origi-
nated from the detection of spin precession in the
channel. The devices used as controls were made
with the same geometry and lithographic process-
ing but with the FM detector replaced by a non-
magnetic electrode composed of an In (50 nm)/Au
(30 nm) film. Identical transport measurements
were made, but no voltage modulation was ob-
served, regardless of the direction of the exter-
nal field (blue and green traces in Fig. 1D).
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Fig. 2. Gate control of spin-orbit interaction at 7 = 1.8 K. (A) SdH oscillations as a function of gate
voltage. The channel resistance R,, is measured with a magnetic field, B,, that is perpendicular to the
2DEG plane. (B) Spin-orbit interaction parameter o, deduced from (A), and carrier concentration ng, as
functions of gate voltage. Because of the asymmetry of the quantum well structure, o is nonzero at Vg = 0.
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Fig. 3. Gate voltage modulation of spin FETs
having different channel lengths, with 7= 1.8 K
and / = 1 mA. The symbols indicate experimen-
tal data. The solid lines are the fits obtained
from Eq. 1. Data are offset for clarity. Baseline
voltages are 1.032 mV and 0.715 mV for L =
1.25 um and 1.65 um, respectively.

A set of experiments was performed to enable
quantitative analysis and detailed comparison
with theory. Data from a conventional lateral spin
valve measurement (3, 6, §—12) are shown in Fig.
1E. In the absence of an external magnetic field,
the magnetizations of the injector and detector
have bistable states along the +y axis because of
their shape anisotropy, and they have slightly
different coercivities because of the different
aspect ratios. With V5 = 0 and constant bias
current / = 1 mA, a small magnetic field was
swept along the y axis, the magnetization align-
ment of FM electrodes changed between parallel
and antiparallel configurations, and the detector
voltage 7 was high or low, respectively. The
characteristic dips seen in the data were observed
for B, > 0, when the field sweep was from
negative to positive (black trace), and for B, <0,
when the field sweep was from positive to nega-
tive (red trace). The spacing L between the injec-
tor and the detector is less than a carrier mean free
path, /, and measurements are dominated by
ballistic transport effects. There is no formal
theory for the magnitude of the lateral spin valve
effect for ballistic carriers. Instead, this conven-
tional lateral spin valve measurement provides a
calibration for the amplitude of the voltage os-
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Fig. 4. Temperature dependence of oscillatory
conductance with L = 1.25 um and / = 1 mA. As
temperature increases, the mean free path
decreases and transport characteristics change
from ballistic to diffusive.

cillation in Fig. 1D, because the mechanism for
spin-dependent voltage is the same for both
experiments. The magnitude of the dips, 4 =
AV=6+0.2 uV, is the same as the amplitude of
the oscillatory voltage shown in Fig. 1D, AV =
6 = 0.5 nV, and this empirically measured am-
plitude 4 was used for the quantitative fits.
Next, the spin-orbit coupling strength o was
measured as a function of gate voltage. SAH os-
cillations (/7, 18) were measured at a variety of
gate voltage values, beat patterns were observed
(Fig. 2A), and 0(V) was deduced (SOM text S2).
The changing nodal position of the beat pattern
(arrows in Fig. 2A) shows that the gate voltage
strongly affects the spin-orbit coupling of carriers
in the InAs single-quantum well. The magnitude
of a(V;) is strongly dependent on Vg for the range
-3 < V5 <1V (Fig. 2B). The effect of the gate
voltage is enhanced for the negative Vg because
of nonlinear bending of the quantum well. The
dependence of o on Vg is weak for the positive
range 1 < Vg < 3 V. Although magneto-
intersubband scattering may also cause an oscilla-
tory magnetoresistance (19, 20), this mechanism
can be excluded from an interpretation of our data

REPORTS

by using a detailed analysis of the Fourier
transforms of the SAH oscillations (SOM text
S3). Because the gate voltage might be expected
to change the carrier concentration in the channel,
the voltage-dependent concentration n(Vg) was
directly determined from Hall measurements. It
shows negligible variation over the experimental
range of Vg (Fig. 2B). Having measured a(Vg),
the magnitude of the Rashba field is readily
calculated from By, = 20ks/(gug) (1), where kg
and g are the Fermi wave vector and g factor,
respectively, of the carriers in the channel, and
ug = 927 x 102* J/T is the Bohr magneton.
Using kg =4.13 x 10® cm " and g = 15 (21), the
field at zero gate voltage (Fig. 2B) has magnitude
Bg,, =8.5T. B,=0.5 T is an order of magnitude
smaller than Bg and has a negligible effect on
spin precession.

The theory of Datta and Das describes the
transport of ballistic electrons in a 2DEG chan-
nel (SOM text S4). Allowing for an arbitrary
phase shift @, the expression for the detector
voltage is

V = Acos(2m*aL /I + @) (1)

The fit for the sample with L = 1.65 um and
m* = 0.05mq (22),where my is 9.1 x 107! kg
and 7 is Planck’s constant divided by 2r, using
the empirical values of a(Vg) and 4, is plotted
in Fig. 3 as a solid line and shows excellent
quantitative agreement with the data. The phase
shift @, believed to be a consequence of shield-
ing near the metallic ferromagnetic electrodes, is
the only adjustable fitting parameter. The data fit
well for more than a full wavelength of oscilla-
tion, with a small weakness of the fit occurring
for the regime where gate voltage modulation of
o is weak, Vg >0 V.

Because precessional phase accumulation is
proportional to L, it follows that carriers in a
device with shorter spacing L will require a
larger range of a, and therefore a larger range of
gate voltage Vg to precess by © radians. A sam-
ple with L = 1.25 um was fabricated and the data
and fit are shown as the bottom trace in Fig. 3.
The half period of oscillation is seen to increase
from AVg = 1.24 V (L = 1.65 um) to AVg =
1.53 V(L =1.25 um). Data with different values
of L are fit successfully by Eq. 1 with no ad-
justable parameter other than a small phase
shift.

The temperature dependence of the oscillato-
ry voltage is shown in Fig. 4. Gate voltage modu-
lation is clearly observed up to 7= 40 K. From
the Dyakonov-Kachorovski (23) and Dyakonov-
Perel (24) mechanisms, the spin relaxation rate
1/t scales as TE lz‘tp in a narrow quantum well
such as ours. Here E is the confinement energy
of the quantum well and 1, is the momentum
scattering time. In our experiments, 1, is nearly
proportional to 1/7; and therefore the additional
spin relaxation at higher temperature is negligible
(6). At high temperatures, however, inelastic scat-
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tering becomes more pronounced. Our measure-
ments of the temperature dependence of the mean
free path (SOM text S5) show that the conduct-
ance oscillation broadens and disappears in the
same temperature range (7 > 40 K) where /
becomes shorter and transport therefore changes
from ballistic to diffusive. This temperature
dependence is a further confirmation of theory
).

Two decades ago, Datta and Das proposed an
experiment involving spin injection, detection,
and spin precession caused by a gate voltage and
special relativistic effects on ballistic electrons in
a 2DEG. Separate aspects have been demon-
strated individually (3, 5, 17). We have used the
nonlocal lateral spin valve geometry to combine
these aspects in a single experiment. The InAs
single-quantum well used here is an ideal ma-
terial, because a large spin-orbit interaction
modulates a Rashba field by several teslas with
a gate voltage range of a few volts.
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Memory Metamaterials
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The resonant elements that grant metamaterials their distinct properties have the fundamental
limitation of restricting their useable frequency bandwidth. The development of frequency-agile
metamaterials has helped to alleviate these bandwidth restrictions by allowing real-time

tuning of the metamaterial frequency response. We demonstrate electrically controlled persistent
frequency tuning of a metamaterial, which allows the lasting modification of its response by
using a transient stimulus. This work demonstrates a form of memory capacitance that interfaces
metamaterials with a class of devices known collectively as memory devices.

tromagnetic responses absent in nature has

initiated the new research field of trans-
formation optics (/, 2), which has applications
ranging from electromagnetic cloaking (3) to
subdiffraction imaging (4). Frequency-agile meta-
materials, which allow one to adjust the electro-
magnetic response in real time, are emerging
as an important part of this field. The hybrid-
metamaterial approach (9, 6), in which natural
materials are integrated into the metamaterial
composite, has been particularly successful in
enabling frequency-agile metamaterials that re-
spond to the application of voltage (7, §), exter-
nal electric field (9), light (10, 1), and heat (12).
This tuning ability helps make metamaterial de-
vices more versatile, adapting to shifting input or

The ability of metamaterials to create elec-
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changing target parameters. However, those meth-
ods for enabling frequency-agile metamaterials
require the continuous application of an external
stimulus to maintain altered metamaterial proper-
ties. Once the external stimulus is removed, the
metamaterial returns to its original response. Essen-
tially, any functionality derived from metamaterials
would benefit greatly if the metamaterial tuning
persisted once the triggering stimulus disappeared.
Metamaterials that are tuned mechanically or geo-
metrically should retain their tuned properties
(13, 14), but such techniques are likely to be dif-
ficult to implement at higher frequencies or for
complex designs. We have achieved an electri-
cally controlled memory effect using a hybrid de-
vice composed of a resonant metamaterial and a
transition metal oxide. The principle underlying the
persistent tuning of our hybrid device is that of
memory-capacitance (memcapacitance for short),
which was recently suggested theoretically (75).

The persistent frequency tuning of a memory
metamaterial device can be illustrated by use of a
single-layer gold split-ring resonator (SRR) array
patterned (/6) on a 90-nm-thin film of vanadium
dioxide (VO,) (Fig. 1A). VO, is a correlated elec-
tron material that exhibits an insulator-to-metal
(IMT) phase transition that can be thermally (7),
electrically (9, 18), or optically (/9) controlled.

The IMT is percolative in nature and is initiated
by the formation of nanoscale metallic puddles in
the insulating host (20). The transition is highly
hysteretic and has been previously shown to exhibit
memory effects (27). The hysteresis associated with
the VO, can be observed by measuring the dc
resistance of the sample (Fig. 1B, solid lines). The
phase transition also affects the dielectric properties
of VO, in a specific way. At the onset of the IMT,
electronic correlations acting in concert with the
spatial inhomogeneity of VO, create a sharply
divergent permittivity (/2, 20). This increasing
VO, permittivity increases the capacitance of
the SRR resonators so that the metamaterial
resonance frequency decreases as the IMT
progresses. The data in Fig. 1, B and C, illustrate
this effect. At room temperature, we identify the
resonance frequency of the SRR array as the
spectral minimum at ©, = 1.65 THz (Fig. 1C,
darkest line). As the dielectric constant of VO, is
increased with temperature, the resonance fre-
quency red-shifts by as much as 20%. We show
that this metamaterial resonance tuning persists
when accomplished via short current pulses.
Because both the dc resistance and the per-
mittivity are products of the IMT, the SRR reso-
nance in the hybrid metamaterial inherits the
same hysteretic nature observed in the dc resist-
ance (27). Any transient excitation that causes a
small perturbation in the VO, IMT will leave a
lasting change of the resonance of the metama-
terial. We can apply such an excitation voltage
pulse using the electrical leads connected to the
device. In this case, the applied voltage promotes
the IMT by inducing local heating as current
flows through the VO, film (22). In order to
maximize the observable effect that small voltage
pulses have on the metamaterial, we adjusted the
temperature of the device to a range in which the
hysteresis is most pronounced. This corresponds
to a range in which the slope of the resistance as
a function of temperature, R(7"), is the steepest,

18 SEPTEMBER 2009 VOL 325 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on January 12, 2010


http://www.sciencemag.org



